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In earlier experiments (Davenport, 1950), it was demonstrated that the specifi- 
city of the commensal polynoid worms Arctonoé fragilis (Baird) and A. pulchra 
(Johnson ), respectively inhabiting the starfish Evasterias troschelti Stimpson and the 
sea-cucumber Stichopus californicus (Stimpson), could at least in part be explained 
by a positive response which these commensals showed to their hosts. On the basis 
of these tests it was concluded that “certain echinoderm hosts produce a specific 
diffusible substance that acts as a powerful attractant for their commensals.” 

Welsh (1930, 1931) had demonstrated that similar agents govern the specificity 
of certain clam-acarine partnerships. In the course of his work these chemical 
agents were found to be relatively stable. Boiling for five to ten minutes as well 
as putrefaction for a week at 37.5° C. had little effect on the material acting on the 
mites. Beyond this, no further investigation of the nature of the substance was 
carried out. 

To the writers it also seemed of primary importance to determine whether or 
not the attractants involved in echinoderm-annelid partnerships are stable, as a 
first step in an investigation of the nature of these substances. In addition, ques- 
tions had arisen as to the source of the attractants in the host. The necessity for 
investigation of the factors determining the specificity of further commensal partner- 
ships involving diverse phyla was, as always, present. 

In the summer of 1950, experiments designed to attack some of the above prob- 
lems were conducted at the Oceanographic Laboratories of the University of Wash- 
ington at Friday Harbor; under grants from the American Philosophical Society 
and the Society of Sigma Xi. The writers wish to express their appreciation to 
the Societies and to the Director and staff of the Laboratories for their generosity 
and assistance. 


THE GENus ARCTONOE 
Material 


Evasterias and Stichopus with their attendant commensals were collected in the 
same localities and in the identical manner as described in earlier work (Daven- 
port, 1950). For one series of experiments, however, a large number of Evasterias 
averaging the size of a silver dollar (3-15 cm.) were collected on a point near the 
village of Olga on Orcas Island. These immature starfish did not seem to have as 
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many commensals (5 out of 41) as a comparable population of adults, on a third 
or more of which one would find worms. At this particular locality one could col- 
lect great numbers of immature stars, but extremely few adult ones; it would seem 
that immature populations are as locally distributed in the Sound inter-tidal as are 
adult ones. 


Methods 


The equipment described for earlier experiments (Davenport, 1950) was used, 
and an additional apparatus was also developed so that two experiments could be 
conducted simultaneously. The aquaria and the Y tubes of this new apparatus 
were constructed of lucite, the aquaria being built of one-foot square, 14” lucite 
and the Y tubes of 4%” tubing. In order to reduce the possible effects of light, the 
Y tubes were painted with an opaque black paint along the sides of the stem and 
arms, leaving a median unpainted area for observation of the worms. 

Methods of handling the animals, conducting experiments and recording data 
were as described previously, except that it soon became clear that in order to dem- 
onstrate a positive response, it had neither been necessary to separate the popula- 
tions of commensals from their hosts for a period of time, nor to keep hosts for a 
time in non-circulating sea-water before testing so that attractant could accumulate. 
In control tests it was shown that worms which had just been removed from their 
hosts would give a series of strong positive runs if trials were commenced from 10 
to 15 minutes after a host was placed in the test aquarium in fresh sea-water. 


Observations 


Are attractants stable? Suppose a star is placed in a test aquarium for a time 
and then removed; how long does the water retain its attraction for commensals ? 

Experiment No. 1. A host Evasterias was placed in non-circulating aerated 
sea-water overnight. After 18 hours the starfish was removed. The water in 
this aquarium was kept at 12.5° C. and continuously aerated for another 24 hours, 
at the end of which time it was tested : 


No. of trials 16 
No. of runs 10 
No. of runs into Evasterias arm 4 
No. of runs into sea-water arm 6 
No. of failures 6 
% failures 37% 
No. of negative trials (6 plus 6) 12 
% negative trials 75% 
No. of A. fragilis used 8 


At the end of these runs the starfish was returned to the test aquarium and 
three hours later, control tests were run: 


. of trials 11 
. of runs 10 
. of runs into Evasterias arm 
. of runs into sea-water arm 
lo. of failures 

% failures 

No. of negative trials (1 plus 1) 

% negative trials 
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A comparison of the ratios of the number of runs into the Evasterias arm to the 
number of negative trials, both before and after the host was returned to the test 
aquarium (4/12 vs. 9/2), gives a x* of 8.4 anda P< 01. The data indicate that 
the behavior of the commensals differed after re-introduction of the host ; this agrees 
with the observed difference in behavior (increase in activity), there being a re- 
turn of the normal observable response to the presence of the host in the system. 

It would appear that water from which a host had been absent for twenty-four 
hours no longer retained its attraction for commensals. 

In similar tests, water which had housed a star was shown to have lost its ef- 
fectiveness five hours after removal of the star. 

Experiment No. 2. Procedure was next reversed so that controls were run 
first and the star then removed ; i.¢., a star was placed in the test aquarium, a num- 
ber of trials made, the star removed and further trials immediately made. In this 
experiment the starfish was removed simply by lifting it from the test aquarium. 
However, considerable difficulty was encountered in removing the starfish, which 
clung firmly to the walls of the aquarium. Removal resulted in the tearing off of 
a number of tube feet which remained attached to the aquarium walls. The effect 
of such removal was immediate and dramatic. 


Control: 


No. of trials 

No. of runs 

No. of runs into Evasterias arm 
No. of runs into sea-water arm 
No. of failures 

% failures 

No. of A. fragilis used 


Host removed : 


No. of trials 6 
No. of runs 0 
No. of failures 6 
% failures 100% 


This effect was so immediate, the behavior of the worms being so completely 
altered (lack of activity, reversal of position), that the host was returned to the 
apparatus and the testing continued. Re-introduction of the star at this point did 
not alter the negative behavior of the worms, even after the passage of 2-3 hours: 

No. of trials 12 
No. of runs ‘ 3 
No. of runs into Evasterias arm 0 
No. of runs into sea-water arm 3 


No. of failures 9 
% failures 75% 


In this experiment, great care was taken so that no other factor was involved 
than the difficult removal of the host. The authors feel convinced that the im- 
mediate change in the behavior of the commensals was effected by removal of the 
host alone. Could the same experiment be conducted so that removal of the host 
could be accomplished without as much disturbance to it ? 

Experiment No. 3. This experiment resembled the preceding except that 
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when the host star was removed, it was given a quick and sudden shock so that it 
came freely and easily from its position in the aquarium. 


Control : 
. of trials 
. of runs 
Yo. of runs into Evasterias arm 
to. of runs into sea-water arm 
Yo. of failures 
No. of negative trials (1 plus 0) 
% negative trials 


Host removed: 


. of trials 
. of runs 
Jo. of runs into Evasterias arm 
Yo. of runs into sea-water arm 
Yo. of failures 
lo. of negative trials (3 plus 3) 
% negative trials 31% 


In this experiment the effect of removal of the host on the behavior of the worms 
was not as marked as in the preceding one ; it would appear that if the host is easily 
and delicately removed, some attraction for commensals remains in the water. A 
comparison of the two proportions of choice above (18/1 vs. 13/3) shows no 
statistically significant difference, but the appearance of a number of failures shortly 
after the host was removed and the observed decrease in activity and movement of 
the worms when on trial indicated that some change had occurred. It could not 
be determined whether this was the result of extreme instability of the attractant 
or of the slow dilution of whatever attractant remained in the test aquarium, occur- 
ring when it was necessary at the beginning of every trial to equalize the pressure 
in the arms of the Y by balancing the water in the two aquaria (cf. Davenport, 
1950). 

In view of the difficulty of removing the host from the test aquarium without 
negating the response, and because of the relatively short time that water which 
had housed the host retained its attraction, it appeared at this point difficult to de- 
sign experiments to determine something about the nature of the attractant by test- 
ing its heat-stability, solubility in ether or alcohol, adsorption on charcoal, etc. One 
experiment, however, was conducted which gave some evidence as to the physical 
nature of the attractant. 

Experiment No. 4. <A single host Evasterias was placed in sea-water inside a 
ten-inch Visking Corp. dialyzing bag. This was left open at the top and in turn 
suspended in sea-water in the test aquarium. Bubblers were placed both inside 
and outside the dialyzing bag, giving thorough aeration and mixing. After the 
passage of two hours, trials were commenced : . 

No. of trials 

No. of runs 

No. of runs into Evasterias arm 
No. of runs into sea-water arm 

No. of failures 

No. of negative trials (9 plus 2) 


% negative trials 
No. of A. fragilis used 
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At the end of these tests which clearly indicated no attractant to be present out- 
side the bag, the bag was carefully split open with a razor and the contained sea- 
water and starfish allowed to escape into the test aquarium: 


No. of trials 12 
No. of runs 12 
No. of runs into Evasterias arm 12 
No. of runs into sea-water arm 0 


This experiment would indicate that the attractant does not readily diffuse 
through the dialyzing bag and that therefore it is probably not a relatively simple 
molecule. 

Experiment No.5. In an effort to determine whether the attractant may diffuse 
through such a membrane only very slowly, on the day following the preceding ex- 
periment the same starfish was placed in a bag and then suspended in the test 
aquarium for eleven hours before runs were made: 


No. of trials 
. of runs 
Jo. of runs into Evasterias arm 
Jo. of runs into sea-water arm 
. of failures 
. of negative trials (8 plus 2) 
% negative trials 
- No. of A. fragilis used 


@oOnmhdrs & dw 


ass 
wz 


The contents of the bag and the starfish were then released into the test 
aquarium : 
No. of trials 1 
No. of runs 
No. of runs into Evasterias arm 
No. of runs into sea-water arm 
No. of failures 
No. of negative trials (6 plus 3) 
% negative trials 69% 


This experiment gave no indication whatever as to how much of the attractant 
had diffused after the passage of eleven hours, since the performance of the com- 
mensals after the bag had been opened into the test aquarium was as negative as it 
had been before the bag was opened. However, the failure to respond after the 
opening of the bag was in itself interesting. In view of the fact that many control 
starfish had given positive series of runs after isolation in non-circulating, aerated 
sea-water for as long as 15 hours, the experiment gave evidence that suspension of 
a star in a bag for as long as 11 hours, in spite of constant aeration and no appreci- 
able rise in temperature, constituted some disturbance which either prevented re- 
lease of the attractant by the star or caused the star to produce substances which 
masked the effect of the attractant. 

Can the source of the attractants in the host be localized? 

Experiment No. 6. Is the integument of Stichopus the source of the attractant 
for A. pulchra? A single Stichopus was completely eviscerated and the oral and 
aboral regions removed, leaving a large rectangular strip of integument including 
the longitudinal musculature. This was thoroughly washed in fresh running sea- 
water in order to remove traces of the visceral contents and then placed overnight 
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in aerated but non-circulating sea-water at approximately 12.5° C. Both im- 
mediately prior to testing and at the end of the experiment some hours later, the 
integumental strip was still fresh and responded to stimulation or stretching by 
contraction. 

No. of trials 41 

No. of runs 23 

No. of runs into Stichopus arm 12 

No. of runs into sea-water arm 11 

No. of failures 18 

% failures 44% 

No. of A. pulchra used 12 


Experiment No.7. In this experiment, a check on the preceding, the integu- 
ments of three large Stichopus selected at random were washed for some seven 
hours in fresh running sea-water to insure removal of any contaminants from the 
viscera, and in the hope that injury substances might be eliminated. The integu- 
mentary strips were placed in non-circulating, aerated sea-water at 12.5° C. over- 
night before testing. Both prior to and at the end of the experiment the three 
strips were fresh and responded to stimulation by contracting. 


— 
wn 


No. of trials 

No. of runs 

No. of runs into Stichopus arm 
No. of runs into sea-water arm 
No. of failures 

% failures 

No. of A. pulchra used 


on 
ASoema 


SR 


Combining the data from experiments 


No. of trials 56 
No. of runs 29 
No. of runs into Stichopus arm 17 
No. of runs into sea-water arm 12 
No. of failures 27 
% failures ; 48% 


It can be seen in the above data that in these two experiments the distribution 
into the two arms did not significantly differ from a random one, while almost half 
the trials resulted in failures. It would appear from these experiments that A. 
pulchra will not respond to washed, eviscerated host integument. 

Experiment No. 8. A. pulchra is sometimes found within the oral aperture of 
Stichopus ; does the digestive system of the host produce an attractant? The en- 
tire viscera of a single large. Stichopus was removed, remaining attached to an 
integumentary ring including the tentacles. This preparation was thoroughly 
washed, isolated in aerated, non-circulating sea-water overnight and tested. 


No. of trials 25 
No. of runs 13 
No. of runs into Stichopus arm 2 
No. of runs into sea-water arm 11 
No. of failures 12 
% failures 48% 
No. of negative trials (11 plus 12) 23 
% negative trials 92% 
No. of A. pulchra used 12 
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From the proportion of runs into the Stichopus arm to the number of negative 
trials (2/23), it would appear that the commensals were repelled by the prepara- 
tion, indicating, perhaps, the presence of digestive juices or injury products. 

Experiment No. 9. Does the integument of Evasterias produce an attractant 
for A. fragilis? A freshly collected Evasterias was opened along the aboral surface 
of the arms and the entire viscera removed. This preparation was washed for 
two minutes in fresh running sea-water and tested. 


No. of trials 26 
No. of runs 15 
No. of runs into Evasterias arm 9 
No. of runs into sea-water arm 6 
No. of failures 11 
% failures 42% 
No. of A. fragilis used 6 


It appears from the above data that the cleaned, eviscerated integument of a host 
Evasterias has no attraction for commensal A. fragilis. 

Experiment No. 10. A. fragilis are often found lying close to the mouth of 
the host star; could the digestive system give rise to the attractant substance? 
The entire digestive systems of three host stars selected at random were removed, 
ground up together in a small quantity of sea-water in clean sand and the prepara- 
tion placed in the test aquarium. 


No. of trials 18 
No. of runs 6 
No. of runs into Evasterias arm 1 
No. of runs into ‘sea-water arm 5 
No. of failures 12 
% failures 66% 
No. of negative trials (5 plus 12) 17 
% negative trials 94% 


The very high percentage of negative trials indicates that the preparation re- 
pelled the commensals. 

The above experiments (nos. 6-10) gave evidence that it will be difficult to 
localize the source of the attractants by dissection techniques. However, in the 
latter part of the summer, after experiments to determine the source ‘of attractants 
had been conducted, it became apparent that for some unknown reason host-species 
individuals (both Evasterias and Stichopus) were beginning to show considerable 
variation insofar as attraction for commensals was concerned. Occasionally, speci- 
mens taken from the live-boxes as well as some freshly collected individuals ex- 
hibited no attraction whatever, in spite of appearing perfectly healthy and normal. 
Ideally, therefore, Experiments 6-10 should have been conducted with material dis- 
sected from whole animals with which immediately preceding control runs had been 
successfully made. Lack of time prevented repetition of the experiments using 
this control. However, as has been stated, Experiments 7 and 10 were controlled 
to the extent of using three preparations selected at random, while in Experiments 
8 and 10, production of attractants by viscera, if still occurring, could not be demon- 
strated, since the preparations clearly repelled commensals. 

Experiment No. 11. The circumstance of discovering a locality where large 
numbers of immature Evasterias could be found made possible an experiment to 
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give evidence as to whether the young stars exert as strong an attraction for com- 
mensals as do older ones. Forty-one small Evasterias weighing a total of approxi- 
mately 517 grams were placed in non-circulating, aerated sea-water overnight. 
The commensals used were taken from large stars. 


No. of trials 13 
No. of runs 13 
No. of runs into Evasterias arm 6 
No. of runs into sea-water arm 7 
No. of failures 0 
No. of A. fragilis used 6 


Tests of commensals against sea-water only (Davenport, 1950) showed that 
out of 21 trials, 8 were failures and the commensals were very inactive. In the 
above experiment the absence of failures and the observed behavior of the worms 
indicated the presence of attractant, but the random distribution into the arms 
would seem to indicate that concentrations may not have been high enough to have 
a strong positive effect on the choice of the commensals. 


THE GeNus HALOSYDNA 


Material 


The commensal partnership exhibited by the terebellid Amphitrite robusta 
(Johnson) and the polynoid Halosydna brevisetosa Kinberg would appear to be 
a most valuable one for study. In the first place the animals can very readily be 


collected at medium low tides at numerous localities near the laboratories. The 
material used in the following experiments was found under boulders at Jones 
Beach, San Juan Island; Minnesota Reef, San Juan Island; a point on Wasp 
Passage, Orcas Island; and a point near the village of Olga, Orcas Island. Al- 
most any boulder-strewn intertidal area in which there is a soft muddy-sand sub- 
strate is likely to harbor numbers of these interesting terebellids and their commen- 
sals. Often under the same boulders and in immediate contact with the tubes of 
Amphitrite which house both host and commensal can be found the tubes of the 
green terebellid Eupolymnia crescentis Johnson with its commensal crabs (Pin- 
nixa sp.). No Halosydna were found commensal in these neighboring Eupolymnia 
tubes, nor have they ever been so described. Miss Pettibone (1947) has also 
found the scale worm in association with Thelepus crispus Johnson in Puget 
Sound. At the same time, free-living and morphologically different Halosydna 
brevisetosa can be readily collected among the byssus threads of mussels and 
among the roots of the basket grass, Phyllospadix (rocky coast of west side of San 
Juan Island; Iceberg Point, San Juan Island, etc.). 

Here, therefore, are forms in which it should be possible to design experiments 
comparing the behavior of free-living and commensal members of the same species 
in relation to the two host forms, and in relation to relatives of the host forms often 
associated with them but never housing the commensals. 

Initially it was imperative to determine whether the same type of chemical at- 
traction existed between Amphitrite and Halosydna as had been demonstrated in 
echinoderm-annelid partnerships. 
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Methods 


Commensal teams of these animals were either kept all together in a large 
open white tray of circulating sea-water, or host and partner were kept together 
in finger-bowls immersed in sea-water in a large tray. It was found that as long 
as there was constant and rapid water change and aeration, the animals would 
stay in good condition for many days; experiments were conducted, however, with 
recently collected material. The method of conducting experiments was identical 
to that used for the echinoderm-annelid partnership. 


Observations 


In two separate experiments, using different animals, it was found impossible 
to demonstrate any attraction for commensal Halosydna by sea-water containing 
host Amphitrite robusta. 

Experiment No. 1. Nineteen Amphitrite were placed in non-circulating 
aerated sea-water overnight. 


No. of trials 58 
No. of runs 50 
No. of runs into Amphitrite arm 26 
No. of runs into sea-water arm 24 
No. of failures 8 
No. of Halosydna used 8 


Experiment No. 2. Eighteen Amphitrite were placed in non-circulating aer- 
ated sea-water overnight. 


No. of trials 60 
No. of runs 59 
No. of runs into Amphitrite arm 35 
No. of runs into sea-water arm 24 
No. of failures l 
No. of Halosydna used 6 


In this experiment, after 42 trials had been run giving a random distribution, 
a large number of pieces of the sandy tubes of the hosts were placed in the test 
aquarium with them. The presence of this tube material in no way altered the 
subsequent behavior of the commensals, their distribution in the arms of the Y still 
being random. 

Combining the data for Experiments 1 and 2: 


No. of trials 118 
No. of runs 109 
No. of runs into Amphitrite arm 61 
No. of runs into sea-water arm 48 
No. of failures 9 


In these experiments, it was clear that water coming from a number of host 
terebellids had no attraction for the commensal Halosydna. It therefore appeared 
necessary to attack the problem of the agency governing this partnership from some 
other direction; perhaps chemical factors are not involved. It was impossible to 
do more than to initiate this work with some brief and qualitative experiments. 
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It was first determined that although slightly negative to light, commensal 
Halosydna are not strongly negatively phototactic. A glass aquarium was painted 
an opaque black, leaving a small transparent window at one end. A lamp placed 
at this window enabled one to flood the bottom of the tank with light from one 
end. Worms were observed through a dark but transparent glass cover. If a 
number of Halosydna were placed in the aquarium with the light on, they were ob- 
served to make more or less random movements and after the passage of some 
minutes, the majority congregated at the dark end of the aquarium. 

Observations were also made on the behavior of the commensals when placed 
in open white trays with a host animal. Such commensals moved slowly about 
the tray in a random manner until they came in contact with one of the long ex- 
tended tentacles of the host. This contact caused commensals to move directly 
toward the Amphitrite along the tentacle until they came in contact with the body 
of the host, whereupon they wrapped themselves around the body of the host. This 
response after contact with the tentacle was most marked. 

It remains to investigate whether similar responses of free-living Halosydna 
to Amphitrite and of commensal Halosydna to non-host terebellids exist. 


CONCLUSIONS 


Considering the experiments with the echinoderm-annelid partnerships as a 
whole, it would appear that a rather tenuous bond exists between host and com- 
mensal. 

Initially, it is clear that the attractant from Evasterias is relatively unstable. 
Experiments gave evidence that this substance did not readily diffuse through 
dialyzing membranes. 

A number of different experiments seemed to indicate that any disturbance 
to the host is likely to negate the response of commensals. Violent removal of 
the host from the test aquarium apparently brings about the release of substances 
which not only negate the response but actually repel the commensals. Suspen- 
sion of a host in a dialyzing bag for eleven hours negated the response of worms 
to this host after the host had been released. It seemed impossible to demonstate 
any response of commensals to parts of their hosts. These results are quite in 
agreement with those obtained (Davenport, 1950) in tests on the Luidia-Arctonoé 
partnership in which it was impossible to confine a host Luidia in a test aquarium 
without autotomy of arms occurring, and in which failure of commensals to re- 
spond to the host was attributed to the consequent release of repelling injury sub- 
stances, as indicated by the high number of negative trials (27/35). 

Finally, the tenuity of the bond is also indicated by the variation in the power 
of attraction among individual Evasterias and Stichopus, which first became evident 
about the middle of the summer during which these investigations were made. 
Undoubtedly the inability of hosts to attract commensals resulted in some cases from 
confinement under slightly abnormal conditions in live-boxes, for some individuals 
that had earlier in the summer given strong series of positive runs later lost their 
attraction. However, the failure of a few freshly collected hosts to attract com- 
mensals is unexplained. This may have been the result of unknowing adverse 
treatment in handling, but perhaps there is fluctuation in the ability of hosts to 
attract. 
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Two possibilities concerning the agency governing the echinoderm-annelid rela- 
tionships would seem to exist. One is that the specificity of the host-commensal 
relationship may depend upon the conditioning of commensals to a single, relatively 
unstable attractant, which is rapidly altered, or the effect of which is easily masked 
by other substances produced by disturbance or damage to the host animal. It 
may be possible, though it does not seem reasonable to assume it, that the produc- 
tion of the substance on which specificity depends would suddenly cease if hosts 
were dissected or disturbed or simply kept under conditions differing so little from 
natural ones as those in the live-boxes. It would seem more likely that attractants 
are readily masked by other substances, although this was certainly not the case 
in Welsh’s (1930) experiments in which clam tissue retained its effect on the 
phototaxis of commensal mites even after decomposition at 37.5° C. for a week. In 
this particular partnership Welsh’s experiments indicated the presence of stable 
and powerfully-acting agents which could not be altered or masked by decomposi- 
tion; from this he reasoned that the effective substances might be decomposition 
products of the mucus or other proteins from the gills. 

A second possibility for the echinoderm-annelid partnership should be kept in 
mind, although for it there is admittedly little experimental evidence at this time. 
It is possible that commensals may be conditioned to a pattern of chemical stimuli 
from the host and that since this pattern is made up of the sum of a number of 
factors it is therefore a delicate one which may be altered by a change in any one 
of the factors with the result that the response of commensals is negated. 

At any rate the relative instability of attractants as well as the ease with which 
their effect may be negated by any disturbance to the host will obviously make more 
difficult an analysis of their physical and chemical characteristics. 

In the echinoderm-annelid relationships the adaptive value of this conditioning 
to a substance or pattern of substances which is relatively unstable and which may 
be easily masked is clear. Both Evasterias and Stichopus are generally found in 
association with numbers of their fellows. Any circumstance bringing about dan- 
gerously abnormal conditions for the host (attack and autotomy, evisceration, 
etc.) may break the bond for the commensal and conceivably allow it to search out 
another normal host. To test this hypothesis experimentally should be possible. 

The experiments with Halosydna and Amphitrite need not be taken to indicate 
that chemical factors are unimportant as agents of this commensal relationship. It 
is clear that no response could be demonstrated with the Y-tube apparatus. The 
response of the commensals to the tentacles of the terebellid may indicate the pres- 
ence of a relatively insoluble attractant closely bound to the tentacles of the host, 
or the response may be purely tactile, chemical factors not being involved at the 
stage of the partnership experimented with. At any rate, these experiments, as 
well as those with the echinoderm-annelid partnerships, emphasize the importance 
of thorough investigations of the life-histories of commensals in relation to life- 
histories of hosts, in an effort to determine time and manner of adaptation to hosts, 
ete. In this regard Dr. Pettibone (1947) has found young Halosydna not more than 
7-9 mm. long in association with young Thelepus; she believes that commensalism 
in Halosydna may start early and that host and commensal grow up together. This 
is in agreement with the observations of the authors, who found only large Halosydna 
commensal with the large Amphitrite of the collecting station near Olga. However, 
in the Evasterias-Arctonoé relationship, Miss Pettibone and the writers have often 
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found small (4-5 mm. in length) commensals, sometimes in numbers, on large hosts 
and often on one host commensals of differing growth stages. Greater numbers of 
large stars possess commensals than do immature stars; occasionally, however, one 
will find commensals from 3-4 cm. long on hosts that are not more than 4 cm. in 
diameter. In such a partnership the commensal will take up space in the ambu- 
lacral groove almost all the way across the starfish. It would therefore appear 
that in the echinoderm-annelid relationship a number of generations of com- 
mensals may pass their life on the same host; we also find commensals of differ- 
ing growth stages on Stichopus. However, as has been said, although one may 
often find on a single Evasterias a number of young commensals, one rarely if 
ever finds more than one large Arctonoé on a starfish. 

As yet no evidence (of brooding young, etc.) has appeared that would lead the 
writers to believe that the entire life-history of the worms is passed on the host. 
It is possible that the free-living larval stage may be of short duration. Ulti- 


mately, it must be determined at what stage and by what mechanism commensals 
find the host. 


SUMMARY 


1. Water from an aquarium from which a host Evasterias troschelii has been 
removed 24 hours before no longer possesses an attraction for commensal Arctonoé 
fragilis. Similar results were obtained five hours after removal. 

2. Water from an aquarium from which a host Evasterias has been removed 
with difficulty, so that tube feet were torn from it, has no attraction for com- 
mensals almost immediately after removal of the host. Such water appears to repel 
them. 

3. Water from an aquarium from which a host Evasterias has been removed with 
comparative ease (involving less disturbance to the starfish) retains its attraction 
for commensals immediately after removal, but shortly thereafter the attraction ap- 
pears to weaken. 

4. If a host Evasterias is suspended in a test aquarium in a dialyzing bag for 
two hours, at the end of this time not enough attractant has passed through to at- 
tract commensals. 

5. Experiments to determine whether attractant will diffuse through a dialyz- 
ing bag in effective concentrations overnight may be unsuccessful because the ab- 
normal conditions inside the bag affect the host in such a way that the response of 


commensals is negated even after the host has been released from the bag into 
the test aquarium. 


6. Washed eviscerated integument of Stichopus californicus does not appear 
to attract its commensal, Arctonoé pulchra. 


7. Washed eviscerated integument of Evasterias does not appear to attract 
its commensal. 


8. Washed viscera of Stichopus appears to repel its commensal. 

9. Ground-up washed preparations of viscera of Evasterias appear to repel its 
commensal. 

10. Immature Evasterias do not exert as strong an attraction on commensals as 
adults, even after compensation has been made for difference in weight. 
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11. No chemical attraction for its commensal, Halosydna brevisetosa, parallel- 
ing that observed in specific echinoderm-annelid partnerships can be demonstrated 
in the terebellid Amphitrite robusta, in spite of the fact that the scale worm is 
limited to this and one other terebellid host. 

12. Commensal Halosydna are neutral to light or mildly negatively phototactic. 
A positive tactile response to the tentacles and body of the host was found in these 
worms. 
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THE EFFECT OF ILLUMINANCE ON THE REVERSAL TEM- 
PERATURE IN THE DRONE FLY, ERISTALIS TENAX 


WILLIAM L. DOLLEY, JR., AND JOHN D. WHITE 
Department of Biology, University of Buffalo, Buffalo, N. Y. 


For over seventy-five years physiologists have attempted without success to 
unravel the mechanisms involved in the change of sign of reaction of organisms 
to light. In the reversal an organism which is normally photopositive, moving 
toward the light, becomes negative and avoids the light, or a normally photonega- 
tive organism, moving away from the light, becomes positive. Recently a study of 
this phenomenon in the drone fly, Eristalis tenax, was begun and additional facts 
have been discovered. According to Dolley and Golden (1947a), in an illumi- 
nance of 700 foot candles Eristalis is highly photopositive within a temperature 
range between approximately 10° and 30° C. Outside these limits it is highly 
negative. Above 30° C., the temperature at which Eristalis changes its reaction 
to light depends upon the sex and age of the flies. Females cease their positive re- 
action to light and become negative at a higher temperature than do males, and the 
younger the fly, the higher the temperature at which it becomes negative. Further- 
more, according to Dolley and Golden (1947b), in an illuminance of 700 f. c., a cor- 
relation exists between the temperature at which Eristalis changes the sign of its 
reaction to light (its reversal temperature) and the temperature at which it dies 
(its lethal temperature). In general, the higher the reversal temperature, the 
higher the lethal temperature. 

Since nothing was known about the relation between illuminance and reversal 
temperatures in any organism, a study of this relation in Eristalis was made. 
The results of this study are presented in this paper. 


MATERIALS AND METHODS 


The apparatus used (Fig. 1) consists of a box (50 xX 35 x 34 cm.) made of 
6.3 mm. plywood. There are two main compartments, a light one, A, and a dark 
one, B. The two compartments, A, 6.25 cm. deep, and B, 15 cm. deep, are sepa- 
rated by a wooden slide, a, which can be raised. This slide is painted white on the 
side toward the light compartment. Above the light compartment are two sliding 
glass panels, b, c, 6.3 cm. apart. A thermometer, d, is inserted through a hole, e, at 
the level of the white floor, f. 

The light compartment is lined with white cardboard on the bottom, two sides, 
and one end. The dark compartment is lined with dull black cardboard and has a 
removable wooden cover, g, through the center of which a thermometer, h, is 
inserted. 

Beneath the detachable floor, i, of the light compartment are placed five wooden 
blocks, j (5 x 3 X 3 cm.), for support. These blocks rest on a sheet of galvanized 
metal, k. 
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The floor of the dark compartment, 1, is a piece of black paper, beneath which are 
sheets of smooth cardboard, corrugated cardboard, and galvanized metal, m. 

Below the metal sheets are two heat chambers, C, D, 12.5 cm. deep, lined with 
corrugated cardboard, m, and asbestos sheeting, 0. The heat is supplied by two 
100-watt Mazda lamps, p, each wired separately. 

A 300-watt Mazda reflector spot lamp, q, is suspended over the center of the 
light compartment. By appropriate resistance the voltage of this lamp was kept 





Figure 1. Sectional view of the apparatus used. See text. 


constant at 105. A round glass dish, r, 23.7 cm. in diameter, containing distilled 
water to a depth of 2.5 cm., is beneath the lamp. This unit, q, r, can be raised or 
lowered to change the illuminance on the white floor, f. This illuminance was re- 
corded by a Weston exposure meter. 

In these experiments only young flies, 5 to 16 days old, were used. They were 
raised at room temperature, approximately 25° C., according to methods essentially 
similar to those previously described (Dolley et al., 1937, p. 410), except that the 
larvae were cultured in cow manure. 

The temperature at which the flies became negative to light in a known illumi- 
nance was determined. This was done for 270 males and 270 females in each of 
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the five illuminances : 250, 600, 800, 1200, and 1600 f.c. Only one observation was 
made on each fly. 

All experiments were performed in a dark room. Before each experiment a 
record was made of the relative humidity of the air in the room. The same lamp 
was used in all of the experiments in all of the illuminances tested except those in 
1200 f.c. The lamp used at this illuminance was, however, identical with the other 
one, so far as could be determined. A typical experiment was made as follows. The 


1600 


L 


~ 
- 
8 
6 
& 
= 
8 
3 
= 
= 
= 


——— 1 li 4 
40 41 42 43 a4 


Temperature ~ degrees Cc. 
Ficure 2. Graph showing the effect of illuminance upon the temperature at which re- 
versal in reaction to light in Eristalis occurs. Note that the mean temperatures of the re- 


versals decrease to a minimum at 800 f. c. In the males this decrease is followed by an in- 
crease, while in the females it is not. See text and Table I. 


glass dish, r (Fig. 1), was filled with distilled water and the illuminating unit, q, r, 
was so adjusted that the illuminance desired was obtained on the floor, f, of the light 
compartment, A. The temperature in the dark compartment, B, was raised to be- 
tween 35° and 37° C., that in the light compartment to 28° C. Throughout the 
experiment the temperature in the dark compartment was 6 to 9 degrees higher than 
that in the light compartment. Approximately 20 flies of the same sex, and with 
unclipped wings, were placed in the light compartment by sliding back the glass 
plates, b,c. These plates were replaced; the heating unit under the light chamber 
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was turned on, and the center slide, a, was raised, making an opening (18 x 4 cm.) 
connecting the two chambers. 

As the temperature in the light chamber rose, the flies, becoming restless, 
crawled and flew about. Soon individuals moved out of the light into the darkness 
of the dark chamber. A fly was considered to have reversed when it had passed 
completely beyond the center ridge, s. When this occurred the investigator recorded 
to the nearest 0.5° the temperature in the light compartment. The flies followed 
one another, and one by one entered the dark compartment. Frequently a fly re- 
turned to the light compartment after a few minutes in the dark, and then after a few 
seconds returned again to the dark compartment. Sometimes a given fly made 
three or four such successive reversals. The temperature at which the final re- 
versal of a given fly took place was recorded and considered one observation. After 


TABLE | 


The effect of illuminance on the temperature at which reversal in reaction to light 
in Eristalis occurs. See text. 








, . Mean temperature in 
gr canyon sng Sex degrees centigrade 
Oe Ce , + standard error 


250 Male 44.40 + .023 3.702 + .159 
Female 45.011 + .241 3.964 + .171 


Standard deviation 
+ standard error 





600 Male 40.917 + .228 3.744 + .161 
Female 43.133 + .210 3.445 + .148 


Male 40.194 + .182 2.983 + .128 
Female 41.339 + .220 3.622 + .156 


Male 41.317 + .187 3.075 + .132 
Female 41.506 + .223 3.660 + 


Male | 41.828 + .252 4.148 + .179 
Female 40.872 + .247 4.056 + .175 


approximately 35 minutes all the flies had reversed and entered the dark com- 
partment. 

Although the temperature throughout the light chamber was probably not uni- 
form the reversal temperatures measured were very close to those where the flies 
were at a given instant. The thermometer measured the temperature on the floor 
of the chamber. During most of the periods of exposure the flies were in contact 
with this floor. 

The thermometers used read to one degree. A check on their accuracy revealed 
that they read approximately 0.2° too high. This error, however, does not in- 
validate the general conclusions drawn, since it appeared in all the measurements 
made and is within the limits of error of the experiments. 


RESULTS 


The results obtained are given in Figure 2 and Table I. 
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Are the differences between the mean temperatures at which the male flies 
reversed in the various illuminances significant? According to Pearl (1940, 
p. 287), “the odds are 369.4 to 1 against the occurrence of a deviation in either the 
plus or minus direction as great or greater than 3 x S. E. These are long odds, 
and are conventionally regarded as amounting to practical certainty.” The dif- 
ferences between the means at 250 and 600, 600 and 800, 800 and 1200, and at 1200 
and 1600 f. c. are, respectively: 9 +, 2+, 4+, and 1 + times the standard errors 
of the differences. This means that the odds against the occurrence from chance 
of these differences are, respectively: over 400,000,000,000; 79; over 15,770; and 
8 to 1. It is therefore evident that the differences between the means at 250 
and 600 and at 800 and 1200 f. c., are clearly significant, while the difference be- 
tween the means at 600 and 800 f. c., is probably not significant. That between 
1200 and 1600 f. c., is certainly not significant. Consequently, it is clear that as 
the illuminance increased from 250 to 1600 f. c., the mean temperatures at which 
the male flies reversed decreased to a minimum at 800 f. c., and then increased. 

As to the females, the differences between the means at 250 and 600, 600 and 800, 
800 and 1200, and at 1200 and 1600 f. c., are, respectively : 5 +, 5 +, less than 1, and 
1 + times the standard errors of the differences. This means that the odds against 
the occurrence from chance of these differences are, respectively: over 1,744,000; 
over 1,744,000; less than 1; and 16 to 1. It is obvious that the differences be- 
tween the means at 250 and 600 and at 600 and 800 f. c., are clearly significant, 
while the differences between the means at 800 and 1200 and at 1200 and 1600 
f. c. are certainly not significant. 

The data presented in Figure 2 and Table I do not permit a definite conclusion 
as to the reversal temperatures of the females in illuminances of 1200 and 1600 f. c. 
Apparently the reversal temperature at 1200 f. c. was slightly higher than that at 
800 f. c., and the reversal temperature at 1600 f. c. was less than that in the two 
preceding illuminances. It is, however, probable that there is an error, for some 
unknown reason, in the mean temperature recorded for female flies at 1600 f. c., 
since male flies never reversed at higher temperatures than female flies in any 
other illuminances tested, neither those used in this work, nor that used by Dolley 
and Golden (1947a), 700 f. c. Moreover, the difference between the mean tem- 
peratures recorded for male and female flies at 1600 f. c. is of questionable sig- 
nificance, as is explained later. With the data available it is impossible to decide 
whether the mean temperature recorded for female flies at 1200 f. c. is erroneous 
or not. 

The differences between the means of the two sexes at the various illumi- 
nances: 250, 600, 800, 1200, and 1600 f. c., are, respectively: 1 +, 7 +, 4+, less 
than 1, and 2+ times the standard errors of the differences. This means that 
the odds against the occurrence from chance of these differences are, respectively : 
13; over 400,000,000,000; over 15,770; 1; and 143 to 1. It is therefore evident 
that the differences between the means of the two sexes in illuminances of 600 and 
800 f. c., are significant. The differences between the means in the other three 
illuminances are either not significant or of questionable significance. Conse- 
quently, it is obvious that the female flies reversed at a higher temperature than the 
male flies in illuminances of 600 and 800 f.c. A similar sexual difference was re- 
ported by Dolley and Golden (1947a) in Eristalis in an illuminance of 700 f. c. 
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DISCUSSION 


The results presented in this paper show that as the illuminance rises from 
250 to 1600 f. c., the reversal temperature of Eristalis decreases to a minimum at 
800 f. c. In the males this decrease is followed by an increase. In the females 
further increase in the illuminance causes no significant change in the reversal 
temperature. Since, according to Dolley and Golden (1947b), there is a correla- 
tion between reversal and lethal temperatures in Eristalis in 700 f. c., the mecha- 
nisms involved in both phenomena are related. 

The results obtained are not due to differences in relative humidity or in the 
duration of exposure of the insects to heat. There was variation in these factors 
in the thirteen or more experiments performed at various times during three years 
on flies of each sex in each of the illuminances used. Yet when the values of these 
factors in all the experiments are compared, there is no significant difference in 
the average value of these factors in the various illuminances. 


SUMMARY 


1. Observations were made on 2700 young flies in ascertaining the temperature 
at which Eristalis tenax becomes negative to light in the following illuminances: 
250, 600, 800, 1200, and 1600 f. c. 

2. As the illuminance increases from 250 to 1600 f. c., the mean temperatures at 
which the male flies reverse decrease to a minimum at 800 f. c., and then increase. 

3. As the illuminance increases from 250 to 1600 f. c., the mean temperatures 
at which the female flies reverse decrease to a minimum at 800 f.c. Further in- 
crease in the illuminance causes no further significant change in the mean reversal 
temperature. 

4. In illuminances of 600 and 800 f. c., the temperature at which Eristalis 
changes in its reaction to light depends upon the sex of the fly. Females cease 
their positive reaction to light and become negative at higher temperatures than do 
the males. This difference between the sexes does not exist at the following il- 
luminances : 250, 1200, and 1600 f. c. 
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THE EFFECT OF ILLUMINANCE ON THE LETHAL TEMPERATURE 
IN THE DRONE FLY, ERISTALIS TENAX 


WILLIAM L. DOLLEY, JR., AND JOHN D. WHITE 
Department of Biology, University of Buffalo, Buffalo, N. Y. 


Although heat injury in organisms has aroused the interest of many able physi- 
ologists, the mechanisms involved are still unknown. According to Bélehradek 
(1935), various authors have suggested that heat death is due to (1) the coagula- 
tion of proteins, (2) the destruction of enzymes, (3) asphyxiation, caused by the 
inability of the oxygen supply to keep pace with the needs caused by increased 
metabolic rate, (4) intoxication produced by certain products, and (5) a change 
in the physical state of lipids. 

Recently a study of this phenomenon in the drone fly, Eristalis tenax, was 
begun and as a result additional facts have been discovered. According to Dolley 
and Golden (1947), in an illuminance of 700 foot candles, the temperature at 
which Eristalis dies, the lethal temperature, depends upon the sex and age of the 
flies. The lethal temperature is higher for females than for males of the same 
age, and it is higher for young flies than for old flies. Moreover, according to 
these authors, there is a correlation between the lethal temperature and the re- 


versal temperature in an illuminance of 700 f. c. In general, the higher the re- 
versal temperature, the higher the lethal temperature. 

Since nothing was known about the relation between the lethal temperature 
and illuminance in any organism, a study of this relation in Eristalis was made. 
The results obtained are presented in this paper. 


MATERIALS AND METHODS 


The apparatus and methods used were those described previously (Dolley and 
White, 1951) with the following exceptions: the same lamp, that used in all the 
illuminances but one mentioned in the previous paper, was employed for all illumi- 
nances used in this work; the dark chamber (Fig. 1, B, previous paper) was not 
used ; the slide, a, was not raised; and the procedure was modified as described in 
the three following paragraphs. 

The temperature at which the flies died in a known illuminance was determined. 
This was done for 270 males and for 270 females in each of the five illuminances: 
250, 600, 800, 1200, and 1600 f. c. 

Approximately thirty young flies of the same sex were placed in the light 
chamber, A (Fig. 1, previous paper). As the temperature rose, the flies becoming 
restless, crawled and flew about. Soon the animals, one by one, fell upon their 
backs, whirled around for a few moments, and then became quiet, except for a 
flexing and extension of the muscles of one or more legs, and extension and with- 
drawal of the proboscis. This movement continued for a brief interval. When 
all perceptible movement in a fly ceased, the temperature at which this occurred 
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was recorded as the lethal temperature of this specimen. In quick succession the 
other flies died and their lethal temperatures were recorded. 

Often certain flies crawled into a corner near the top of the chamber where the 
temperature was lower than at the bottom. When this occurred, the thermometer, 
d, placed in a hole near the bottom of the chamber was removed, and by means of 
a wire inserted through this hole the fly was dislodged. The thermometer was 
then replaced. After approximately 45 minutes all the flies had died. They were 
removed, the heating unit disconnected, and the box was allowed to cool. The 
heating unit was again connected, and, when the temperature in this chamber had 
again become about 28° C., another lot of flies was placed in the chamber and the 
process repeated. 

Although the temperature throughout the light chamber was probably not 
uniform the lethal temperatures measured were very close to those where the 
flies were at a given instant. The thermometer measured the temperature on the 
floor of the chamber. During most of the periods of exposure the flies were in 
contact with this floor. 


RESULTS 


The results obtained are given in Figure 1 and Table 1. 

The mean temperatures in degrees centigrade at which the male flies died are 
given in Table I. The differences between the means at 250 and 600, 600 and 800, 
800 and 1200, 1200 and 1600 f. c. and at 250 and 1600 f. c., are respectively: 8+, 
less than 1, 1 +, 10 +, and 1 + times the standard errors of the differences. This 
means that the odds against the occurrence from chance of these differences are, 


respectively : over 400,000,000,000; less than 1; 3; over 400,000,000,000; and 13 
to 1. Evidently the differences between the means at 250 and 600 and at 1200 
and 1600 f. c. are definitely significant, while the differences between the means at 
600 and 800, 800 and 1200, and at 250 and 1600 f. c., are not significant. 

Therefore, it is clear that as the illuminance was increased from 250 to 1600 f. c., 
the mean temperatures at which the male flies died decreased to a minimum at 600 
f. c. and then increased to a maximum at 1600 f. c., and this mean temperature at 
1600 f. c. was approximately the same as that at 250 f. c. 

The mean temperatures in degrees centigrade at which the female flies died are 
given in Table I. The differences between the means at 250 and 600, 600 and 800, 
800 and 1200, 1200 and 1600, and at 250 and 1600 f. c., are, respectively: 9+, 1+, 
2+, 10 +, and less than | times the standard errors of the differences. This means 
that the odds against the occurrence from chance of these differences are, respec- 
tively : over 400,000,000,000 ; 16; over 267; over 400,000,000,000; and less than 1 
tol. Consequently, the differences between the means at 250 and 600 and at 1200 
and 1600 f. c. are definitely significant ; the difference between the means at 800 and 
1200 f. c. is probably significant ; and the differences between the means at 600 and 
800 and at 250 and 1600 f. c. are not significant. 

As the illuminance was increased from 250 to 1600 f. c., the mean temperatures 
at which the female flies died decreased to a minimum at 600 f. c., and then increased 
to a maximum temperature at 1600 f. c., about the same as that at which the flies 
died in 250 f. c. 
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Ficure 1. Graph showing the effect of illuminance on the temperature at which Eristalis 
dies. Note that the means of the lethal temperatures decrease to a minimum at 600 f. c., and 
then increase to a maximum at 1600 f. c. See text and Table I. 


TABLE I 
The effect of illuminance on the temperature at which Eristalis dies. See text. 


Itluminance in oon nea Standard deviation 
foot candles + standard error + standard error 


250 Male 52.956 + .194 3.193 + .137 
Female 53.811 + .182 2.984 + .128 


Male 50.889 + .162 7 114 
Female 50.661 + .152 , 11 


Male 50.994 + .141 
Female 52.089 + .157 
Male 51.222 + .140 
Female 51.428 + .150 
Male 53.417 + .177 
Female 53.65 + .16 
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The differences between the means of the two sexes in the various illuminances 
(250, 600, 800, 1200, and 1600 f. c.) are, respectively : 3 +, 3+, 5, 1, and less than 
1 times the standard errors of the differences. This means that the odds against the 
occurrence from chance of these differences are, respectively: over 726, over 1483, 
over 1,744,000, 2, and less than 2 to 1. It is obvious that the differences between 
the means of the two sexes in illuminances of 250, 600, and 800 f. c. are significant, 
while the differences in the other two illuminances are not significant. The female 
flies died at higher temperatures, therefore, than did the male flies in illuminances of 
250, 600, and 800 f.c. This is in accord with the work of Dolley and Golden (1947). 

Great confidence is felt in the results reported in this paper and in the preceding 
one on reversal temperatures. Essentially similar results were obtained in extensive 
preliminary experiments which were discarded because sources of light open to 
possible criticism were used. 

As stated previously, Dolley and Golden (1947) reported a correlation between 
the reversal and lethal temperatures in Eristalis, in an illuminance of 700 f. c., the 
higher the reversal temperature, the higher the lethal temperature. This state- 
ment also holds true for illuminances of 250, 600, 1200, and 1600 f. c., but apparently 
does not at 800 f. c.; as the illuminance increased from 600 to 800 f. c., the mean tem- 
perature at which the flies reversed decreased (Fig. 2, Dolley and White, 1951), 
but there was no corresponding decrease in the mean temperature at which the flies 
died in these two illuminances (Fig. 1, this paper). 

The results obtained are not due to differences in relative humidity or in the 
duration of exposure of the insects to heat. There was variation in these factors in 
the nine or more experiments performed at various times during three years on flies 
of each sex in each of the illuminances used. Yet when the values of these factors 
in all of the experiments are compared, there is no significant difference in the aver- 
age value of these factors in the various illuminations. 


DIscusSSsION 


The results presented in this paper show that as the illuminance rises from 250 
to 1600 f. c., the lethal temperature of Eristalis decreases to a minimum and then 
increases to a maximum. In other words, as the light energy to which the flies 
are exposed increases, the resistance of the organisms to heat decreases to a minimum 
and then rises to a maximum. These results are in harmony with the results re- 
ported by certain investigators on the physical changes induced by heat in certain 
organisms and in certain important constituents of organisms: proteins, lipids, and 
enzymes. According to Heilbrunn (1943, p. 78), in some types of protoplasm, as 
the temperature is raised, the protoplasmic viscosity increases and then decreases, 
1.é., it goes through a maximum. Moreover, according to Ostwald (1913), as the 
temperature of a weak albumin sol rises, the viscosity first decreases, then sharply 
increases to a maximum, and then decreases again. The same author maintains 
that as the temperature of a lipid, isobutyric acid, in water, rises, the viscosity 
decreases slightly, then rises to a maximum, and then decreases. According to 
Sizer (1943), if enzyme reactions are exposed to rising temperature, the rate of the 
reactions increases to a maximum and then decreases. 

Consequently, the curves describing the results given in this paper are strikingly 
similar in some respects to those curves reported previously by other investigators 
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recording the viscosity changes in certain proteins, lipids, types of protoplasm, 
and changes in rates of certain enzyme reactions, on exposure to rising temperature. 
The significance of this similarity awaits further work. The results presented for 
Eristalis do not seem to lend support to the asphyxiation or intoxication theories 
listed by Bélehradek, but they are in harmony with the other three theories men- 
tioned previously. Heat death in Eristalis, therefore, may be due to any one, two, 
or three of the following: viscosity changes in certain proteins and lipids, and 
change in rate of reactions of certain enzymes. 


SUMMARY 


1. Observations were made on 2700 young flies in ascertaining the temperature 
at which Eristalis dies in illuminances of 250, 600, 800, 1200, and 1600 f. c. 

2. As the illuminance increases from 250 to 1600 f. c., the mean temperatures 
at which the male and female flies die decrease to a minimum at 600 f. c., and then 
increase to a maximum temperature at 1600 f. c., about the same as that at which 
they die in 250 f. c. 

3. In illuminances of 250, 600, and 800 f. c., the temperature at which Eristalis 
dies depends upon the sex of the fly. The females die at higher temperatures in 
these illuminances than do the males. This sexual difference is not present in il- 
luminances of 1200 and 1600 f. c. 

4. There is a correlation between the reversal and lethal temperatures in Eristalis 
in illuminances of 250, 600, 1200, and 1600 f.c. The higher the reversal tempera- 
ture, the higher the lethal temperature. This correlation does not apparently 
exist in an illuminance of 800 f. c. 

5. As the light energy to which Eristalis is exposed increases, the resistance of 
the organisms to heat decreases to a minimum and then rises to a maximum. Con- 
sequently, the curve describing these events resembles greatly those curves reported 
previously by other investigators recording the viscosity changes in certain proteins, 
lipids, and protoplasms, and changes in rates of certain enzyme reactions, on ex- 
posure to rising temperature. 
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MOVEMENTS OF THE THORAX AND POTENTIAL CHANGES IN 
THE THORACIC MUSCLES OF INSECTS DURING FLIGHT '* 


KENNETH D. ROEDER 


Department of Biology, Tufts College, Medford, Massachusetts 


The wingbeat frequency of insects ranges from 5 per second in some butterflies 
up to 1000 per second in certain midges (Sotavalta, 1947). The most carefully in- 
vestigated flight performance is that of Drosophila, which is capable of continuous 
flights of up to two hours at an initial wingbeat frequency as high as 300 per second 
which drops to not less than 100 per second as fatigue terminates the flight (Wil- 
liams, Barness and Sawyer, 1943). This prodigious motor performance poses many 
questions regarding the metabolic fuel (Chadwick, 1947; Wigglesworth, 1949) and 
power output (Chadwick and Williams, 1949), and also demands a muscular mecha- 
nism capable of a cycle of excitation, contraction, and relaxation within an interval 
of three milliseconds. 

In a recent study of excitation of the wing muscles of another fly, Calliphora, 
Pringle (1949) recorded a sequence of spike potentials during flight from electrodes 
inserted among the indirect flight muscles. Although similar in form and duration 
to muscle potentials recorded from other arthropods, these spike potentials showed 
a complete lack of synchrony with the wing movements, recurring in a rhythm of 
their own of one spike to every dozen or so wingbeats. Pringle concfudes that 
each spike is the sign of the arrival of a motor nerve impulse whose action is to render 
the indirect flight muscles susceptible to the stimulus of stretch. Contraction of the 
vertical muscles stretches the horizontal muscles, and the myogenic oscillation thus 
established continues for as long as the requisite state of excitation is maintained by 
the arrival of motor nerve impulses. 

This novel mechanism is in contrast to the situation encountered in a much less 
specialized insect, the roach Periplaneta americana. Excitation of muscles in the 
leg (Pringle, 1939) and thorax of this insect (Roeder and Weiant, 1950) is indicated 
by the appearance of a spike potential preceding each contraction. Although the 
loading of the muscle was not controlled, Roeder and Weiant recorded a latency of 
3.0 milliseconds, duration of muscle potential of 4-5 milliseconds, and contraction- 
relaxation time of 20-25 milliseconds. Since the wing beat frequency of the roach 
is only 20-30 per second at room temperature, there is plenty of leeway for this 
relatively conventional neuromuscular system to move the wings during flight. 

Measurement of wing beat frequency and muscle potentials in several insects was 
undertaken in an attempt to correlate these contrasting observations, and to find out 
more, if possible, regarding the novel mechanism described by Pringle. 


1 The work described in this paper was done under a contract between the Medical Division, 
Chemical Corps, U. S. Army, and Tufts College. Under the terms of this contract, the 
Chemical Corps neither restricts nor is responsible for the opinions or conclusions of the 
author. 
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METHOD 


The insect was narcotized with carbon dioxide and two small holes were made 
in the thoracic tergum. A glass stylus bearing two fine electrodes of 36 gauge 
platinum wire was cemented to the tergum with paraffin wax, in such a way that 
the electrode tips passed through the holes to lie among the thoracic muscles (Fig. 
1). The stylus was placed in the needle holder of a crystal phonograph pick-up 
which was connected to the input of a conventional biological amplifier through 
10 megohms. The electrodes were connected to another amplifier through loops 
or mercury cups. The movements of the thorax and the potentials occurring 
within were recorded simultaneously on a double-beam cathode-ray oscillograph. 


Figure 1. Apparatus used to make simultaneous records of thoracic movements and 
spikes during stationary flight. Platinum electrodes are fused to a glass stylus (ST) and 
make contact (CD) through mercury cups (HG) with amplifier. The stylus is inserted in a 
crystal phonograph pick-up (PU) which is connected (AB) with another amplifier. Re- 
movable platform below tarsi is not shown. 


Stationary flight was initiated by the removal of a platform upon which the 
insect stood, and was maintained in some cases by a stream of air directed towards 
the head of the insect. 


THoRACIC MOVEMENTS AND POTENTIALS DuRING STATIONARY FLIGHT 


Periplaneta. Male roaches flew well at temperatures above 22° C. The wing- 
beat frequency lay between 25 and 30 per second. The relation of muscle spikes 
to wing movements was about as expected on the basis of the muscle studies. In 
records (Fig. 2 C) made with electrodes in various groups of thoracic muscles, a 
compound spike potential recurred at the same frequency and in fixed phase with 
the cycles of thoracic movement during flight. The record of the latter is quite com- 
plex, showing many harmonics, although the fundamental frequency was found 
to correspond with the cycle of wing elevation and depression, by viewing the in- 
sects simultaneously with stroboscopic light. 

Agrotis. Several specimens of this moth were flown in the same manner. 
This insect showed slightly higher wingbeat frequencies (35 to 40 per second at 
room temperature) although the spike potential recorded from thoracic electrodes 
maintained the same 1:1 relation with the cycle of wing movement (Fig. 2A). 
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At the onset of flight, the first spike was always followed by a movement, and 
during steady flight the spike appeared to be compounded of activity in several 
units. The spontaneous termination of flight took the form of a series of stepwise 
decreases in the amplitude of thoracic movement, accompanied by corresponding 
stepwise decreases in the height of the spike potential. - 
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Ficure 2. Spike potentials (upper trace) and thoracic movements (lower trace) in 
Agrotis with wings (A) and without wings (B), and Periplaneta with wings (C). Upper 
horizontal calibration applies to A and B, and lower to C. Vertical calibration, 10 millivolts.- 


Diptera. Flies belonging to the genera Calliphora, Lucilia, and Eristalis were 
flown in the same manner. The pattern of activity at the onset of flight is shown 
in Figure 3A. The initial downward deflection is caused by the downward move- 
ment of the fly as the platform descends under its tarsi. The oscillation in the 
valley which follows indicates the moment when the tarsi lose their grip, follow- 
ing which the fly is flicked upward by the elasticity of the stylus. Flight begins 
about 60 milliseconds (flight reaction time) after contact with the platform is 
lost, and takes the form of a complex thoracic oscillation of steadily increasing 
amplitude (see also Fig. 3D). No attempt has been made to analyze the pattern 
of thoracic movement during flight, although several characteristics may be noted: 
a) a fundamental frequency which corresponds with the frequency of wingbeat 
(this was checked by simultaneous stroboscopic observation); b) several har- 
monics, possibly produced by abrupt development of tension in different groups 
of flight muscles; 3) complex changes in the harmonic content and amplitude of 
the fundamental wave, which were particularly noticeable in Calliphora and 
Lucilia, and may be related to the characteristically erratic free flight of these 
insects. In Eristalis (Fig. 3D), thoracic movement shows fewer fluctuations. 
The pattern of thoracic movement in these flies is very similar to the oscillogram 
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of the sound produced by Drosophila during flight (Williams and Galambos, 1950), 
and further harmonic analysis of both sound and movement patterns along the 
lines indicated by these authors would be of value. 

In contrast to these changes in wave form and amplitude, the frequency of 
thoracic movement remains fairly constant in individual insects at constant tem- 
perature. Many of the insects would take only short flights, ceasing activity 
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igure 3. Spikes (lower trace) and thoracic movements (upper trace) in several flies. 
A. The onset of flight in Calliphora. B. Spontaneous termination of flight in the same insect. 
C. Irregular flight in the same insect following amputation of the wings. D. Short spontaneous 
(mid-air) burst of flight movements in Eristalis. E. Termination of flight in Lucilia after 
wing amputation. The spikes have been recorded with increased amplification to show the 
small sinusoidal potential. 


spontaneously while suspended in mid-air. When this occurred (Fig. 3 B, D), the 
frequency of thoracic movement often remained unchanged while the amplitude 
declined steadily in stepless fashion, sometimes leaving a small trail of oscillation 
after the fly had apparently folded its wings. The smooth nature of the ampli- 
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tude change is particularly evident in the short flight of Eristalis (Fig. 3D). Oc- 
casionally flight termination was quite abrupt (Fig. 3(C). 

During the take-off, a series of spike potentials precede thoracic movements by 
10 to 30 milliseconds (Fig. 3 A, D), and continue in an irregular fashion throughout - 
the flight. Although at first the spike sequence appears to be random, once steady 
flight is established, a rough rhythm (Fig. 4) can be distinguished which has no 
phase-relation to the wingbeat. In long records it is~possible to identify five or 
six sets of spikes, each set having its own sign, form, and repetition rate. In Figure 
4 A and B, the downward spike shows constant form and size, and appears at regu- 
lar intervals which differ from the intervals between similarly identifiable sets of 
spikes of opposite sign. Each set of spikes suggests activity of a single unit which 
is operating without synchronization with other units or with the sequence of 
muscular changes. In short or abortive flights (Fig. 3D), a single short burst of 
spikes in several units may precede the peak of thoracic movement. 

Each spike appears to have a duration of 5-10 milliseconds and a magnitude of 
5 to 20 millivolts. In this respect, it is quite similar to the muscle potential re- 
corded in Periplaneta (Roeder and Weiant, 1950). Increased amplification reveals 
in some (Figure 3 E) but not all records of thoracic potentials a low-voltage sinu- 
soidal wave previously noted by Pringle (1949). This low-voltage wave follows 
the thoracic movements in frequency and amplitude, and may be an artifact due to 
the movement of electrically polarized muscle under the electrode pair. However, 
its origin is uncertain and it is discussed later. 

Upon termination of the flight in mid-air (Fig. 3B, D), thoracic movements 
continue for 20 to 40 cycles after cessation of the spike sequence. Although spikes 
were never detected when the fly had been motionless for some time, in one case 
(Fig. 3C), following wing amputation an insect showed quite erratic bursts of ac- 
tivity. During one of these bursts movement ceased abruptly at the usual interval 
after the cessation of spike activity. One-tenth of a second later there was a short 
burst of five cycles of thoracic movement without the usual introductory spikes. 
After another pause spikes resumed followed by the return of steady flight. 

Hymenoptera. Several specimens of the wasp, Vespa, were flown in a similar 
manner. Flight was steady and well sustained, and a regular sequence of thoracic 
movements and spikes bore, as in the flies, no phase relation with each other (Fig. 
4C). On the whole, the spikes in the wasp showed a more pronounced rhythm of 
their own, although the same mechanism appears to be operating in both flies and 
wasp. Several unsuccessful attempts were made to fly bees, but they showed a 
high mortality following insertion of the electrodes. 


LoADING, WINGBEAT FREQUENCY, AND SPIKE FREQUENCY 


From the incomplete survey reported above, it is apparent that the relatively 
low wingbeat frequency (20 to 40 per second) occurring in the roach and moth 
is associated with spikes recurring once during each wingbeat. On the other hand, 
the high wingbeat frequency (over 100 per second) recorded in the flies and wasp is 
associated with an asynchronous sequence of spikes at much lower frequency. In 
order to determine whether there is a basic difference in the mechanism of muscle 
excitation in these two groups, or whether the difference is only quantitative, de- 
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pending upon the wingbeat frequency, attempts were made to alter the loading of 
the wings. 

The mass of air moved by the wing has a damping effect upon the wingbeat, re- 
ducing its frequency. This relation has been subjected to rigorous analysis by 
Chadwick and Williams (1949) for Drosophila, in which amputation of the wings 
or flight under reduced atmospheric pressure increases the wingbeat frequency as 
much as 100 per cent. Therefore, attempts were made to alter the wingbeat fre- 
quency of the insects mentioned above by amputation of the wings close to the 
thorax. This operation appeared to have little or no effect upon the ability of the 
insects to “fly” when attached to the stylus. 
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Figure 4. Spikes (upper trace) and thoracic movements (lower trace) during steady 


flight. A. Lucilia. B. The same after amputation of the wings. C. Vespa. D. The same 
insect after amputation of the wings. Vertical calibration, millivolts. 


In the roach and moth (Fig. 2 B), close amputation of the wings appears to have 
little effect on the wingbeat frequency. In the latter insect there is a small but 
consistent decrease in frequency (Table 1) although perfect synchrony between 
spikes and wing cycles is maintained. This suggests that the motor mechanism of 
the wings in these insects is driven by a central nervous pacemaker whose activity 
is more or less independent of the load. The slight but constant decrease in fre- 
quency in the moth could be due to the elimination of sensory endings of stimulatory 
function located on the wings. 

In the flies (Figs. 3C, 4 A and B) and wasp (Fig. 4C and D), amputation of 
the wings produced the expected increase in the frequency of thoracic movement. 
While the frequency of thoracic movement almost doubled after this operation, the 
sequence of spikes recorded from the thoracic muscles either showed little change 
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or declined in frequency. Changes in wingbeat and in spike frequency following 
wing amputation are summarized in Table I. It will be noted that while the wing- 
beat spike quotient remains at unity in the roach and moth, it increases from a value 
of 4-18 when the wings are intact to 14-40 after wing amputation in the flies and 
wasp. The increase in w/s quotient is due both to an increase in wingbeat fre- 
quency and to a decrease in spike frequency following wing amputation. 


TABLE I 


Frequency of thoracic vibration and potentials during flight * 








With wings Without wings 





j | | 
| Spikes | Spikes 
per sec. ‘S | per sec. 


—— 


Periplaneta 28 3: 33 


Agrotis 30 30 26 


Agrotis 41 41 39 39 
39 39 | 37 37 
42 42 40 40 


Vespa 119 22 5 203 13 16 
112 29 4 201 14 14 





Calliphora | 138 | 11 13 186 | 8 22 
Ta 9 193 Sh ee 





36 
41 


Lucilia 156 10 16 286 
140 8 18 285 7 








j 
} 
| 
} 
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* Measurement of spike frequency could be made only when this had become constant after 
several minutes of steady flight. This condition was not attained with all of the insects flown. 
Measurements were made to the nearest whole number. 


Thus, the neuromuscular mechanism of the flies and wasp appears to be once 
more in contrast with that of the roach and moth. The increase in wingbeat fre- 
quency following reduction. of the wing load might be considered to be due to a 
reduction in the natural period of the mechanically oscillating system envisaged by 
Pringle. On the other hand, the spike frequency in both groups shows either no 
change or a definite decrease following removal of the wings. This could be due 
either to a reduction in sensory input to the nerve centers regulating flight (due to 
elimination of sense organs on the wings), or in the case of the flies and wasp, to 
a central nervous mechanism regulated by negative feed-back from proprioceptors 
sensitive to the excursion of wing-base, thoracic sclerites, or indirect flight muscles. 


ELECTRICAL STIMULATION OF THE FLIGHT MUSCLES 


Indirect electrical stimulation of the muscles of the leg (Pringle, 1939), or of 
the exposed tergal remotor muscle (Roeder and Weiant, 1950) of the roach pro- 
duces twitches always preceded by a muscle spike potential. In contrast, Pringle 
(1949) noted that the indirect flight muscles exposed by hemisection of the thorax 
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of a fly could not be excited by any form of electrical stimulus applied either to the 
ganglion or to the muscle surface, while the muscles of the legs and proboscis could 
readily be made to contract by electrical stimulation. This observation was con- 
firmed on several genera of flies. 

In the course of the observations reported above, many of the flies tested failed 
to fly upon removal of the platform, although they continued to move their legs. 
It is presumed that these failures were due to injury incurred upon insertion of the 
electrodes into the thorax. In several cases, electrical stimuli were delivered 
to these refractory flies via the electrodes normally used to record potential changes 
within the thorax. It was found that many of these insects could be made to “fly” 
continuously at their normal wingbeat frequency of over 100 per second, if stimu- 
lated with brief shocks at any frequency from 3 to 20 per second. This would oc- 
cur only if the tarsi were out of contact with the platform. Stimulus frequencies 
less than 3 per second produced only a brief twitch of the wings, while frequencies 
higher than 20 per second produced no additional effect beyond flight movements at 
the normal flight frequency. One insect, a large specimen of Tabanus, could not 
be induced to fly even by this treatment. If the tarsi of this insect were in contact 
with the platform, stimulation produced a maximum extension of all legs. If the 
insect was suspended in mid-air, each stimulus produced a strongly damped oscil- 
lation of the thorax at approximately the natural wingbeat frequency. 

These results may be compared with those of Heidermanns (1931), who stimu- 
lated the flight muscles of a dragonfly by means of electrodes inserted into the 
thorax. In this insect (which has a wingbeat frequency in the neighborhood of 


30 per second) a wing movement followed each shock up to a frequency of 25-30 
per second. At higher frequencies (45-50 per second) of stimulation, the muscles 
went into a tetanus. 


DIscuUSSION 


In considering these experiments, it should be recognized that the flight per- 
formance of insects prevented from making forward progress must differ in many 
details from that occurring during free flight. One has only to watch the maneu- 
vers of a free-flying insect to realize that its performance must depend upon a num- 
ber of delicately balanced sensory feed-backs (Pringle, 1948; Weis-Fogh, 1950) 
and muscular adjustments. For instance, in performing the experiments described 
above, it was noted that flies would take off more readily and fly for longer periods 
if the platform under the tarsi were allowed to rotate freely so as to simulate for- 
ward locomotion before the take-off. Again, the flight reaction time of 40-60 
milliseconds (Fig. 3A) is both variable and long compared with that (21 milli- 
seconds) determined by high-speed photography of the movements of a free fly 
when a bullet jerks away the platform upon which it is standing (Herget, 1950). 

However, the experiments completely confirm the observation of Pringle (1949) 
of the lack of synchrony between spikes and wing movement in flies, and indicate 
that a similar state of affairs exists in wasps and possibly in other Hymenoptera. 
On the other hand, roaches and moths which have a low wingbeat frequency ap- 
pear to have a more conventional mode of excitation of the flight muscles. 
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Excitation of the Flight Muscles in Diptera and Hymenoptera 


According to Pringle, the situation in flies could be explained on the assump- 
tion that the arrival of a motor nerve impulse (signalled by a spike) “alters the state 
of the contractile elements in such a way that they become susceptible to the stimu- 
lus of stretching. On being stretched, the myofibrils respond with a twitch-like 
contraction whose duration is controlled by the loading, and then relax.” Alternate 
twitches in vertical and horizontal indirect flight muscles would thus maintain in a 
state of oscillation at its natural period the mechanically resonant system consist- 
ing of the muscle tension, elastic characteristics of thorax, and wing load. The 
presence of a nervously conditioned, mechanically resonant system is confirmed 
by many of the observations made in this paper, namely: a) constancy of wing- 
beat frequency during amplitude changes at the onset and termination of flight; b) 
smooth changes in amplitude under the same conditions; c) inverse relation be- 
tween spike frequency and wing beat frequency upon changes in loading; d) in- 
crease in wingbeat frequency upon reduction in loading; e) lack of excitability in 
flight muscles when the thorax is opened and the mechanical system presumably 
disturbed ; and f) possibility of maintaining morphologically intact but moribund 
flies in flight at their normal frequency by electrical stimulation at any frequency. 

Although Pringle’s hypothesis provides an adequate explanation of the opera- 
tion of the wings of flies during flight, it appears to provide no way in which the 
first contraction can be initiated if stretch is the immediate cause for contraction. 
On the other hand, the arrival of a motor impulse cannot be the immediate excita- 
tory agent, since spikes may appear many milliseconds before signs of muscular 
activity (Fig. 3A and D) and recur at no fixed point during the cycle of wing 
movement. Therefore, the following concept is presented as an elaboration of 
Pringle’s original theory. In order to bring the indirect flight muscles of flies to a 
point where they drive the resonant system outlined above, two factors are neces- 
sary. One factor is the resting tension of the muscles, which depends upon their 
attachment to the inner surface of the semi-rigid, roughly spherical thorax. The 
tension is presumably constant in a resting fly, but is substantially reduced by any 
operation which interferes with the mechanical continuity of the thorax, such 
as hemisection. The second factor will be termed the neural factor, since it de- 
pends upon the arrival of motor impulses. It is presumably low or absent in the 
resting intact fly but is built up in a series of increments and maintained by the 
arrival of nerve impulses as indicated by the recorded spikes. The build-up of 
the neural factor superimposed upon the pre-existing tension factor steadily raises 
the muscle excitability until a twitch occurs in one set of muscles. The twitch 
causes a sudden increase in the tension of the antagonistic group of muscles which 
have been brought to some point just short of threshold by impulses in another 
nerve fiber. This increment in tension carries them over threshold so that they 
shorten and increase the tension in the other group. At this point, the myogenic 
mechanically resonant system of Pringle takes over, the oscillation continuing so 
long as the injection of occasional impulses maintains the neural factor at a level 
sufficient to offset the damping effects of the load. 

It must be supposed that both factors must reach a certain level before mus- 
cular activity commences. In the resting or moribund fly, the tension factor is 
present but the neural factor is so low that no activity occurs. In the hemisected 
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thorax, electrical stimulation may raise the neural factor, but the tension factor 
is reduced so that again no contraction occurs. The time course of the neural 
factor can only be approximated, since it is not accompanied by an electrical sign. 
It appears to accumulate and dissipate at a much slower rate than the time course 
of individual spikes, since the latter may precede muscular movement by 5-30 
milliseconds at the onset of flight, and cease an even longer time before cessation 
of movement at flight termination. In a very brief flight the burst of spikes may 
be terminated even before thoracic movements reach their full amplitude. In 
some records, periodic increases in amplitude of thoracic movements appear to 
bear some relation to increase in the spike frequency. Thus, the change produced 
by the spikes develops and dissipates relatively slowly compared with the electri- 
cal time course of a spike, and the latter have a cumulative action in bringing about 
its development. Since five or six sets of spikes in the same record are inde- 
pendent of each other in frequency, the rate of accumulation and dissipation of 
the neural factor must vary in different motor units. 

The importance of tension as a factor in the excitation and contractility of 
smooth muscle is widely recognized. Sudden distension of the ureter may cause 
either a single, or an oscillatory contraction of its wall (Bozler, 1947). In this 
case, the tension-initiated contraction is accompanied by a potential change which 
is not evident during contraction of the indirect flight muscles of flies, although 
the small oscillatory potential (Fig. 3 E) which follows the thoracic movements 
remains unaccounted for. Direct studies of the effects of applied tension on the 
excitability of insect flight muscle have yet to be made. 


Types of Flight Muscle Excitation Compared 


Since there is no information regarding the relation between spike and wing- 
beat frequency in insects belonging to other orders, one can only speculate upon 
the significance of the difference between roach and moth on one hand, and flies 
and wasp on the other. Perhaps the mechanical characteristics of the thorax of 
the flies and wasp favor a degree of muscle tension which makes this the dominant 
factor in muscle excitation after the system has been ‘cranked up’ by the neural 
factor. The system then operates at its natural period of vibration. By the same 
token, the less compact thorax and larger wing area of the roach and moth may not 
provide the requisite muscle tension and resonance necessary for myogenic oscil- 
lation ; hence, the dominant factor in causing muscle excitation is the arrival of a 
motor nerve impulse. 

A transition is suggested by the observations of Boettiger and Furshpan (1950 
and personal communication). They consider the energy of the contracting flight 
muscles to be stored in a mechanical stop (click mechanism) which, when over- 
come by increasing muscle tension, causes an abrupt movement of the wings. 
Boettiger recorded potentials and movements in several flies, including a crane fly. 
This slow-flying, large-winged fly had a wingbeat frequency of 36 per second and 
a sequence of spikes which showed a general 1:1 relation with the cycle of wing 
movement. However, the spikes and wing movements were not locked precisely 
in phase as in the roach and moth. Amputation of the wings of the crane fly in- 
creased the frequency of thoracic movement to 90 per second, while the spike fre- 
quency was unchanged. Thus, the difference observed in the two groups of insects 
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may depend solely upon the physical characteristics of the system. Voskresenskaya 
(1947) recorded the response of the flight muscles of a locust when the ganglion 
was stimulated at various frequencies up to 100 per second. She noted a tendency 
of the muscles to contract at 18 per second and a sequence of flight movements 
after stimulation had ceased. Since this after-effect was blocked by nicotine, it 
was apparently due to a central ganglionic after-discharge, and not a myogenic 
oscillation similar to that observed in flies. 

The data summarized in Table I also suggest a compromise between the two 
types of neuromusclar mechanism. Although wing amputation brings about an 
increase in wingbeat frequency in the flies and wasp, and either little or no change 
or a decrease in the roach and moth, this operation affects the spike frequency in 
the same way in both groups of insects. This suggests that during flight the motor 
output of the central nervous system of both groups depends in part either upon a 
sensory inflow from mechanoreceptors on the wings, or upon negative feed-back 
from receptors sensitive to the rate of deformation of the moving parts of the 
thorax, flight muscles or wingbase. The halteres of flies (Pringle, 1948) and 
hair plates on the head capsule of locust (Weis-Fogh, 1950) have been shown to 
regulate orientation during flight (see also Waterman, 1950), and may, together 
with the proprioceptors mentioned above, form part of the general sensory field 
which maintains the output of motor impulses to the flight muscles. Therefore, 
the neural component of the flight mechanism appears to be similar in both groups 
of insects, and the difference between them may lie merely in the greater im- 
portance of resting tension as an excitatory factor of the flight muscle in flies. 


SUMMARY 


1. Simultaneous records were made of thoracic movements and potential changes 
within the thorax of a number of insects during stationary flight. 

2. The American roach and a moth with a wingbeat frequency in the range 
20-40 per second showed complete synchrony between spikes and movements, and 
little change or a decrease in the frequency of both phenomena when the wings 
were amputated. 

3. Several flies and a wasp with a wingbeat frequency above 100 per second 
showed no synchrony between spikes and movements, the former appearing once 
in every 5-20 wingbeats. Amputation caused either little change or a decrease in 
spike frequency, while the wingbeat frequency increased by nearly 100 per cent. 

4. While the muscles of the former group retain their excitability to indirect 
electrical stimulation after dissection, the flight muscles of the latter are inex- 
citable following hemisection of the thorax. However, if the thorax is intact the 
indirect flight muscles of flies can be driven at the natural flight frequency by any 
stimulus frequency above 3 per second. 

5. It is concluded that in the flies and wasp, the level of resting tension deter- 
mines a degree of excitability in the flight muscles. This excitability is aug- 
mented by the accumulation of a neural factor brought about by the arrival of 
motor nerve impulses (spikes). Upon threshold being reached in one set of in- 
direct flight muscles, they contract, and by increasing the tension factor in the 
antagonists, bring them rapidly to threshold. Flight continues as a myogenic 
oscillation at a natural frequency determined by muscle tension, elasticity of thorax, 
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and wing load, provided the neural factor is maintained at a certain level to offset 
damping. 

6. In the roach and moth, the resting tension does not appear to be sufficient 
to give the system resonance or to contribute greatly to the muscle excitability. 
Therefore, the arrival of a motor impulse is the determining factor in contraction 
of the flight muscles. 
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ELECTRON MICROSCOPE STUDIES ON THE NORMAL AND 
COLCHICINIZED MITOTIC FIGURES OF THE ONION 
ROOT TIP (ALLIUM CEPA) * 


ALBERT W. SEDAR AND DONALD F. WILSON 


Department of Zoology, and Radiation Research Laboratory, State University of Iowa, 
Iowa City 


The question of the origin and structure of the achromatic figure in both animal 
and plant cells is still open to investigation. Various techniques have been brought 
to bear upon this problem. For a discussion, the monograph of Schrader (1944) 
should be consulted. 

Using the electron microscope, Beams, Evans, Baker and van Breemen (1950), 
and Beams, Evans, van Breemen and Baker (1950) have studied the structure of the 
amphiaster in the whitefish blastula and in crayfish testis. In a similar manner, 
we have observed mitotic figures in root tip cells of Allium cepa in an attempt to 
contribute to knowledge of the structure of the anastral type of spindle, and the 
origin of the cell plate. 


MATERIAL AND METHODS 


Onion bulbs were sprouted in tap water at room temperature. Excised root 
tips were fixed in Randolph’s chrome-acetic-formalin mixture for 12 hours, or in 
weak Flemming’s fluid for 15 minutes. One-millimeter segments of the meri- 
stematic portion were embedded in either of two filtered paraffin mixtures. At 
first, a mixture of 70 per cent paraffin (m.p. 70° C.) and 30 per cent bleached bees- 
wax was used. Later, a mixture of 50 per cent Tissuemat (m.p. 62° C.) and 50 
per cent beeswax was found to be more satisfactory. In either case, the material 
was passed through three changes of the mixture, during a total period of 30 min- 
utes. Blocks 2 mm. square were sectioned at approximately 0.5 micron after 
the method of Beams, Evans, Baker and van Breemen (1950). Ribbons so. ob- 
tained were spread on distilled water at 45° C. and mounted on grids previously 
covered with a supporting celloidin film prepared from a 2 per cent solution of 
celloidin in amyl acetate. The grids were dried over phosphorus pentoxide after 
sections were mounted. The embedding mixture was then dissolved away in three 
changes of xylol, and all grids were stored in a desiccator until examined. 

In studying the effect of colchicine, two concentrations, 2.5 x 10°* molar and 
2.5 x 10°* molar, were used.? Rapidly growing roots, 0.5 to 1.0 cm. long, were 


1 This study was made possible through the kindness of Dr. T. C. Evans, who generously 
extended to the authors the facilities of the Radiation Research Laboratory. The authors wish 
to express their appreciation, in addition, to Dr. H. W. Beams for helpful advice and criticism 
during the course of this work. Thanks are also due to Dr. C. D. Janney and Mr. David Lee 
for technical advice and assistance with the electron microscope. 

2 The colchicine (U.S.P. XIII alkaloid) used was obtained from the Mallinckrodt Chemi- 
cal Works. 
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exposed to these solutions for periods of 30, 45, 60, and 120 minutes. The root 
tips were then excised, fixed, and processed as described above. 

Observations were made using a Model EMU-2B R.C.A. electron microscope 
equipped with an unbiased electron gun. A magnification scale representing one 
micron is drawn on each electron micrograph. 


RESULTS AND OBSERVATIONS 
Dividing Cells 


1. The Polar Cap: Figure 1 is of a longitudinal section through half of a cell in 
prophase. A polar cap is evident, containing “spindle fibers” which are in con- 
tact with the nuclear membrane. In general, these fibers are oriented in the long 
axis of the cell and extend between the nuclear membrane and a dome-shaped 
structure which defines the outer margin of the polar cap. This border, in turn, 
is in contact with the lateral margins of the nuclear membrane. 

The fibers are 600 to 800 A. in diameter in these preparations, and exhibit a 
beaded structure, possibly due to fixation artifact. 

Prior to the breakdown of the nuclear membrane these “spindle fibers” appear 
entirely extranuclear, and the nucleus contains no distinguishable spindle material. 

2. Metaphase: Figures 2 and 3 are of longitudinal sections through the equa- 
torial plate. Certain of the fibers seen are undoubtedly associated with the 
chromosomes, but details of the manner of their attachment are not revealed by 
this technique. 

Chromosomal fibers are composed of smaller units oriented longitudinally to 
make up the main fiber. The diameter of these smaller units varies somewhat with 
the fixative used. In material fixed in chrome-acetic-formalin it is 500-800 A., 
corresponding to the width of the individual “spindle fibers” of the polar cap. 
Fixation in weak Flemming’s fluid results in fibers of somewhat smaller diameter. 

3. Anaphase: The separation of homologous chromatids is shown in Figure 4. 
No interzonal fibers are to be seen. 

A later stage is shown in Figure 5. The early cell plate is forming as a series 
of thickenings in or on the continuous fibers in the equatorial region. The spindle 
itself appears as a network of interconnecting fibers. 

4. Telophase: Figure 6 is a later stage in cell plate formation. The cell plate 
has assumed a more definite structure and has already extended laterally to touch 
the cell wall on one side. The lateral margins of the spindle in the equatorial re- 
gion are well defined and oriented. Elsewhere, the spindle material has become 
swollen and is disappearing. Reconstitution of the daughter nuclei is taking place. 
Areas of lesser density to the electron beam have appeared in the chromosomes. 


‘ 


Pate I 


Ficure 1. Prophase, showing polar cap containing “spindle fibers,” and part of nucleus 
with nuclear membrane and chromosomes. Fixed in Randolph’s CRAF solution. 

Figure 2. Portion of metaphase plate showing chromosomes and spindle fibers. Fixed 
in Randolph’s CRAF solution. 

Figure 3. Portion of metaphase plate showing chromosomes and chromosomal fibers. 
Fixed in weak Flemming’s fluid. 

Figure 4. Portion of early anaphase showing chromosomes and chromosomal fibers. 
Fixed in weak Flemming’s fluid. 
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Colchicinized Cells 


Figure 7 shows what may be a very early manifestation of the action of colchicine 
on spindle fibers. The dose used here for a thirty minute exposure was 2.5 X 
10°* molar, considered by Levan (1938) to be in the threshold range for Allium. 
The chromosomal fibers appear to have lost their compactness by separation of 
the unit fibers. 

Exposure to this same concentration for one hour produces the effect shown 
in Figure 8. The spindle material is seen to be slightly disoriented and frag- 
mented. The chromosomes themselves appear to have lost much of their smooth 
contour. 

Figure 9 represents a two hour exposure to this same colchicine concentration. 
The spindle material is swollen and badly fragmented. Much of it has disappeared. 
Some spindle or cytoplasmic material appears to be adhering to the chromosomes. 

Figure 10 results from a 45 minute exposure to a concentration of 2.5 x 10° 
molar colchicine. In general, the effect obtained is comparable to the longer ex- 
posures to the more dilute solution. 


DISCUSSION 


In a study of this kind, the factor of artifact induced by the method of prepara- 
tion of the material for examination is necessarily present. For this reason, a cer- 
tain amount of caution must be exercised in interpreting the electron micrographs. 
In general, however, our results agree with and in some cases extend the cytology 
as observed with the light microscope. 

The fibrous nature of the chromosomal fibers, continuous fibers, and the “spindle 
fibers” of the polar cap is quite apparent in electron micrographs. The objection 
that this fibrous structure is a nonsignificant artifact is not considered to be valid 
today. In this connection, the review of Schrader (1944) should be consulted for 
details of other work. 

With the electron microscope it is possible to demonstrate a compound structure 
of chromosomal fibers in onion. Beams, Evans, van Breemen and Baker (1950) 
have similarly shown this to be true in crayfish testis. However, Mottier (1903) 
had already reported that chromosomal fibers in Lilium were composed of “bundles 
of fibers” as the result of his observations with the light microscope. He did not 
observe a similar compound structure of continuous fibers, and we have not seen it 
in the onion. 

In view of the widespread controversy which still exists concerning the produc- 
tion of artifacts in the mitotic spindle by fixation, we have employed two different 
types of fixatives in this study. The fibers appear of larger diameter when the 
chrome-acetic-formalin fixation is used than when a very weak Flemming’s fluid 
is employed. However, the nature of the fibers in other respects is not seen to be 
altered. Preliminary results of a study of the effects of fixation in dilute osmic acid 
solutions and in osmic acid vapor indicate less swollen (or more contracted) chro- 
mosomes, more delicate spindle fibers and cytoplasm than with weak Flemming 
fixation. The same general character of these structures is, however, retained. 

In the course of this work, several examples of a faint and rather ill-defined 
transverse banding of chromosomal fibers were seen. The phenomenon was ob- 





STUDIES ON MITOSIS IN ONION ROOT TIPS 


PLateE II 


Figure 5. Late anaphase, showing spindle, early cell plate and daughter chromosomes. 
Fixed in Randolph’s CRAF solution. 

Ficure 6. Telophase, showing reconstitution of daughter nuclei, phragmoplast, and cell 
plate extending to cell wall on one side. Fixed in Randolph’s CRAF solution. 
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served in material fixed both in Randolph’s and in Flemming’s fluids. This band- 
ing was noted only in chromosomal fibers and only in metaphase or early anaphase. 
It does not reproduce well, although it can be seen in the original photographs. 
The banding is of a much finer nature and of smaller period than that described by 
Beams, Evans, van Breemen and Baker (1950) and is suggestive of a periodicity 
in the ultrastructure of the unit fibers. Such a periodicity has been predicted by 
several workers (see Beams, Evans, van Breemen and Baker 1950), but the phe- 
nomenon seen in our preparations cannot be considered anything more than sugges- 
tive at this time. 

Robyns (1924, 1929) has described in detail the structure of the polar cap and 
its relation to spindle formation in both living and fixed preparations of onion and 
similar root tips. For a summary of earlier work, these papers should be con- 
sulted. Polar caps are described as clearly differentiated areas in the cytoplasm 
lying in contact with the nuclear membrane at the poles of the future spindle. In 
late prophase, these dome-shaped caps may extend as far as the equatorial region 
of the nucleus. Subsequent to the breakdown of the nuclear membrane, the polar 
caps enter into the formation of the spindle. 

Our preparations show a definite fibrous structure in the polar cap prior to the 
breakdown of the nuclear membrane. Moreover, the outer margin of the polar 
cap is clearly seen to be delimited by a membrane-like structure. This membrane 
appears in electron micrographs to be of much the same structure as the nuclear 
membrane, and to fuse with it. However, it cannot be said that a definite splitting 
of the nuclear membrane has occurred in the formation of the polar cap. 

The origin of the cell plate in higher plants has been described from fixed ma- 
terial as forming from a series of equatorial swellings in the spindle of cytokinesis 
(see Timberlake, 1900, for a summary of early work). Robyns (1929) disagrees 
with this view on the basis of his observations of living material. He concluded 
that the cell plate makes its appearance in the form of an undulating lamella, and 
believes that the lamella fragments under conditions of fixation into granules which 
appear attached to the spindle fibers. Becker (1938) stated that the cell plate 
first becomes evident as droplets exhibiting Brownian movement. These droplets 
form from the cytoplasm and eventually coalesce to form the cell plate. Although 
our preparations are fixed, the earliest indication of cell plate formation which we 
have observed is a series of thickenings of material continuous with, and of the 
same appearance as, the spindle fiber substance. 

Levan (1938) has observed that the threshold concentration of colchicine which 
will produce an effect upon mitosis in Allium root tip cells lies in the range of 
0.005 to 0.01 per cent with a four hour exposure. Levine (1943) has reported 
that with the 0.01 per cent concentration, the number of metaphases in Allium root 





Pirate III 


Figure 7. Portion of metaphase plate showing separation of chromosomal fibers result- 
ing from 30 minutes exposure to 2.5 X 10“ molar colchicine solution. CRAF fixation. 

Ficure 8. Disoriented fibers and eroded chromosomes resulting from 1 hour exposure 
to 2.5 x 10% molar colchicine solution. CRAF fixation. 

Ficure 9. Swollen and fragmented fibers resulting from 2 hours exposure to 2.5 x 10° 
molar colchicine solution. CRAF fixation. 

Ficure 10. Swollen and fragmented fibers resulting from 45 minutes exposure to 2.5 x 10° 
molar colchicine solution. CRAF fixation. 
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tips increases with increasing time of exposure to reach a maximum at about 24 
hours. It is now well known that colchicine brings about the arrest of mitosis by 
destruction of the spindle. Since our purpose was to study the effects of colchicine 
upon the spindle fibers themselves, concentrations near the threshold and very 
short exposure times were chosen. 

The very earliest effect which may have occurred was observed to be a spread- 
ing apart of the units which make up the compound chromosomal fiber. Longer 
exposures resulted in a loss of orientation of the spindle fiber material and a change 
in the normal contour of the chromosomes. Although chromosomes do not dis- 
solve away in colchicine poisoning, Ostergren (1944) has reported that colchicine 
causes a contraction of the chromosomes. Whether or not this has occurred in 
our preparations is not clear, but it does appear that some cytoplasmic or spindle ma- 
terial has adhered to the chromosomes, or else some of the matrix material has been 
eroded. F 

Longer exposure to the more dilute solution, or short exposures to the stronger 
of the two solutions resulted in swelling of the fibers and apparently a solubilization 
of their substance, since only fragments remain in the fixed preparations. 

Beams and King (1938), using the ultracentrifuge, presented evidence that the 
effect of colchicine on wheat root tip cells is to lower the viscosity of the cytoplasm 
and to destroy or inhibit the gelation associated with spindle formation. 

We have observed a swelling and fragmentation of spindle material in prepara- 
tions of normal telophases in connection with the breakdown of the spindle. This 
swelling and dissolving of spindle material therefore appears to be the visible mani- 
festation of both normal and colchicine-induced spindle breakdown, at least in 
our fixed preparations. 


SUMMARY 


1. The electron microscope was used to study normal and colchicinized mitotic 
figures in onion root tip cells. 

2. The polar cap contains “spindle fibers” prior to the breakdown of the nuclear 
membrane. It is bounded at one margin by the nuclear membrane and on the 
other by a membrane similar to and apparently continuous with the nuclear mem- 
brane. No spindle material is distinguishable inside the nucleus prior to the 
breakdown of the nuclear membrane. 

3. Chromosomal fibers are composed of several smaller unit fibers oriented in 
a longitudinal fashion along the main axis of the fiber. This compound structure 
was not observed in continuous fibers. 

4. Spindle fibers differ somewhat in diameter with different fixation. Flem- 
ming’s fluid fixation results in a slightly smaller fiber diameter than that obtained 
with fixation in Randolph’s CRAF mixture. The general character of the fibers 
in both preparations is essentially the same. 

5. The origin of the cell plate is briefly discussed in the light of the work of early 
investigators. Electron micrographs show an origin by thickenings in the equa- 
torial region of the spindle. 

6. The effect of short exposures to near-threshold concentrations of colchicine 
is a progressive swelling and solubilization of fiber material. 
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Grafting techniques applied to the study of cell aggregates have long been 
among the most powerful tools of the experimental biologist. For technical rea- 
sons, similar procedures have not been generally applicable to single cellular units, 
but the desirability of such methods is evident. 

Among ciliates, fusion complexes made up of two or more individuals are 
not new. In an important paper, Fauré-Fremiet (1945) reviews most of the 
known cases. He shows that such complexes either are found fortuitously in mass 
cultures, or can be produced by experimental or bacterial interference with the 
fission process, a procedure which leaves the daughter individuals joined together. 
Deliberate grafting has not yet been described, probably because physico-chemical 
peculiarities of the protoplasm in most ciliates generally preclude successful fusion 
of individuals by experimental techniques now available. 

The feasibility of grafting in the heterotrich Stentor coeruleus has first been 
pointed out by Tartar (1941). He finds that “if two cells are cut and then im- 
mediately pressed together . . ., the two will fuse as one.” Further exploration 
by the present writer has led to the development of a relatively simple method which 
permits the controlled, oriented fusion of two or more whole Stentors, or of specific 
fragments derived from several parent organisms. 

Beyond the description of the methods employed, the aim of this paper is to 
set forth the broad principles which have been found to underlie grafting phenom- 
ena in S. coeruleus. Particular attention will be given to: the circumstances in 
which stable or unstable fusion complexes are formed, following the union of dif- 
ferent portions of ectoplasm, endoplasm, and nuclei from two or more parent 
Stentors in several possible combinations and orientations; the reorganizational 
processes which can be observed in differently constituted fusion complexes; and 
the morphogenetic mechanisms which are operative in these phenomena. 


MATERIALS AND METHODS 


Stentors were selected from cultures maintained in this laboratory for several 
years. The animals were fed intensively so that large specimens (up to 350 micra 
in diameter) were available for experimentation. Preliminary attempts at grafting 
had shown that any successful technique must permit (a) the maintenance of a 
desired orientation and contiguity of two whole animals or fragments for at least 
30 to 40 seconds; and (b) the simultaneous rupturing of the apposed pellicles and 
ectoplasmic layers, so that the exposed endoplasms can flow out and fuse before 
the formation of surface precipitation membranes. The latter normally appear 
within 1 or 2 seconds. 
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The procedure finally adopted permitted the preparation of fusion complexes 
of any desired volume or specific constitution, and did not involve any loss of 
protoplasm during the operation. Several drops of a viscid suspension of methyl 
cellulose in water were spread on a glass slide, in a layer approximately 1 to 2 mm 
thick. A small drop of water containing two Stentors was pipetted into this 
layer. By manipulation with needles under a dissecting microscope, the animals 
were pushed gently into the methyl cellulose until they came to rest side by side. 
If the methyl cellulose had proper consistency, locomotion of the animals was pre- 
vented, and they could be maintained in a desired orientation and in continuous 
contact for as long as 1 minute or more. Sharp steel needles were used to rupture 
the apposed surfaces. When properly done, fusion was usually accomplished at 
the first attempt. If necessary, repeated ruptures could be made until the graft 
had taken. The fusion complex, along with a minimum of methyl cellulose, was 
transferred to culture water and the double organism was carefully freed from the 
embedding medium. After waiting 20 to 30 minutes for the fused organisms to 
heal firmly together, further operative steps could be undertaken. Doublets could 
be joined to yield multiple fusion complexes ; specific differentiated organelles could 
be excised from one or both of the units; macronuclei of either of the components 
could be removed wholly or partially; or any combination of these procedures 
could be carried out. If small fragments were to be grafted to whole animals or to 
other fragments, two intact Stentors were first joined, and the required excisions 
were performed later. 


HoMopoLar DOUBLETS 


The long axes of organisms constituting such doublets are oriented in the 
same direction and in the same sense. Categories 1 to 4, below, comprise experi- 
ments on parabiotic homopolar complexes, while category 5 deals with telobiotic 
homopolar doublets. In the former, the results are the same whether the units 
are joined in ventral-to-ventral, dorsal-to-dorsal, lateral-to-lateral, or any other 
combination. Analogously, in telobiotic doublets it is immaterial to what extent 
the units are rotated relative to each other. The following descriptions are based 
on a study of at least three cases in each type of experiment. 

1. Parabiotic homopolar fusion; no other experimental modification. No 
visible changes occur for the first 4 to 6 hours. The two macronuclear chains are 
distinct and lie approximately parallel. Both peristomes and both holdfasts re- 
main normal and functional, and both contractile vacuoles persist, maintaining, 
however, an independent rhythm of pulsation. Irritation of one member of the 
fused pair leads to smooth simultaneous contraction of both members, indicating an 
early functional integration of neural and contractile organelles. 

Changes are first noticeable in the holdfasts. Approximately 5 to 6 hours 
after fusion, one of them decreases in size. If the components of the doublet are of 
unequal volume, the foot of the smaller member is invariably affected. The re- 
duced foot later loses its adhesive properties, becomes permanently retracted, and 
is finally resorbed completely. Twelve to 18 hours after fusion, one of the con- 
tractile vacuoles and one of the oral regions (again the smaller structure, in each 
case) begin to dedifferentiate. In the oral area the gullet disappears first, and in 
the ensuing hours the entire peristome is gradually resorbed. Some 24 hours 
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after fusion, the original doublet has the appearance of a large single Stentor, 
although the two macronuclear chains are still distinct. Within a further 24-hour 
interval physiological reorganization occurs (cf. Weisz, 1949a), a process which 
results in the replacement of the persisting oral region by newly differentiated oral 
organelles, and in the transformation of the macronuclei into a single chain com- 
posed of proportionately larger nodes. A normal single individual is thus re- 
constituted. Vegetative division generally takes place within a short time. 

In its essential features, this reorganizational sequence is identical with that 
described by Balbiani (1891), Johnson (1893), and Weisz (1951) for doublets 
of S. coeruleus found in mass cultures, or produced experimentally by interference 
with the process of fission. The sequence differs fundamentally from that in 
certain homopolar doublets of a variety of ciliates, e.g., Urostyla weissei (Faure- 
Fremiet, 1945), or Euplotes patella (Kimball, 1941), in which the double organi- 
zation is stable, and may give rise to two doublets by fission. 

2. Parabiotic homopolar fusion; excision of one or both of the systems of oral 
organelles, or one or both of the holdfasts. If one of the oral regions is removed, 
regeneration does not occur. This holds true regardless of the initial relative size 
of the region. The foot of the gullet-less member is resorbed some 6 hours after 
fusion, while the contractile vacuole persists for 12 hours or more. Complete re- 
organization to a single individual, including the formation of a single macro- 
nuclear chain, is accomplished 24 hours after the operation. In effect, experi- 
mental removal of one oral region leads to a process of resorption similar to that 
described in No. 1, except that it is more rapid. Suppression of the gulletless 
member is always involved, regardless of its initial relative volume. 

Analogous results are obtained if one of the holdfasts is excised. Regenera- 
tive replacement never occurs, and the persisting foot becomes the definitive hold- 
fast of the reorganized single individual. 

If both oral regions are cut off, only a single region ever regenerates. Using 
surface peculiarities and macronuclear configurations as identifying criteria, it 
has been found that the regenerating region is always part of the larger member of 
the fused pair. In the non-regenerating unit the foot, and later the contractile 
vacuole, are resorbed. As above, a single individual is reconstituted within 24 
hours after fusion. Results are analogous if both holdfasts are removed, i.¢., only 
a single foot regenerates. 

3. Parabiotic homopolar fusion; complete removal of one macronucleus. 

a. Two whole animals are joined and all macronuclear nodes of one member 
are excised one by one; all except two or three nodes of the other member are 
similarly excised. (Enucleation procedures disrupt the constitutents of the endo- 
plasm considerably. After one or two nodes have been excised, it is virtually 
impossible to ascertain the original location of most of the remaining nodes. For- 
tunately, two or three nodes just underneath the peristome field usually are not 
as easily dislodged as others. By removing all but these in one member, and all 
nodes in the other member, it is possible to prepare a system in which all macro- 
nuclear substance reliably derives from only one of the members. It is already 
known (Weisz, 1949b) that even a single anterior node is functionally equivalent 
to a whole chain of nodes, at any cycle stage.) 

Doublets of this type ultimately reorganize into single individuals. The two 
or three nodes soon split up into smaller nodules. Each of these gradually in- 
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creases in size until a fairly normal macronuclear chain has re-formed. In other 
respects, the reorganization sequence parallels that observed in No. 1, and lasts 
approximately one to two days. In this reorganization, it is always the individu- 
ality of the enucleated unit which is suppressed. 

b. A normal whole animal is joined with an animal undergoing physiological 
reorganization, at a stage when its nucleus is condensed maximally. The conden- 
sation nuclei never number more than three and are easily distinguished from the 
nodulated chain of the normal partner. Excision of these nuclear masses presents 
little difficulty, and at the same time the operation ensures that the entire nucleus, 
and only this nucleus, is removed. At the stage of maximal nuclear condensation, 
the oral region of the reorganizing member is only partially redifferentiated. The 
new peristome band is incompletely developed, and is not as yet fully aligned in its 
presumptive anterior position ; a new gullet has not yet formed (cf. Weisz, 1949a). 

Such doublets also reorganize into single individuals within one to two days. 
The incomplete oral region of the enucleated member never develops further, and 
begins to be resorbed after a few hours. In other respects the results are the 
same as in No. 3a. 

4. Parabiotic homopolar fusion: an animal undergoing physiological reorgani- 
sation (condensation nuclei excised) joined to normal animal (oral region cut off). 
Regenerative replacement of the excised oral region never occurs. On the other 
hand, the incomplete oral apparatus of the enucleated unit develops further and 
gives rise to a normally constituted peristome field and to a new gullet. These 
organelles become the definitive oral region of the single individual which is 
modelled from the components of the original doublet. Reorganization is usually 
complete after 24 hours. 

5. Telobiotic homopolar doublets. Such doublets are produced by removing 
the foot of one organism and the oral region of another, and grafting the cut sur- 
faces together. In effect, they represent large single individuals from the outset. 
Apart from the resorption of the contractile vacuole of the posterior unit, other 
reorganization phenomena cannot be observed. Experiments on regeneration and 
enucleation have been carried out. The results are wholly equivalent to those ob- 
tained in normal, single animals. 


HETEROPOLAR DOUBLETS 


The majority of experiments under this heading deal with telobiotic complexes, 
but parabiotic ones are also included. Telobiotic doublets in categories 6 to 9 are 
foot-to-foot heteropolar; they were produced by removing the holdfasts of two 
whole animals and grafting the cut surfaces together. Doublets in category 10 
are mouth-to-mouth heteropolar. For each category, the results are the same, 
regardless of the relative degree of rotation of the units around their common axis. 
If this axis does not form a straight line from the outset, heteropolarity is never 
maintained. An originally obtuse angle between the components of the doublet 
becomes progressively more acute and, within three hours at the most, a homopolar 
parabiotic system has formed. Thus if necessary, varying amounts of lateral 
cytoplasm must be excised after fusion, until the doublet acquires a straight longi- 
tudinal axis. The following descriptions are based on a study of at least three 
cases in each type of experiment. 
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6. Telobiotic (or parabiotic) heteropolar fusion; no other experimental changes. 
Differentiated organelles do not undergo reorganizational changes, and both oral 
regions persist. Approximately 7 to 12 hours after fusion, a constriction becomes 
noticeable along the ectoplasmic suture line between the two components. The 
suture line is defined by the abrupt discontinuity and the derangement of the sur- 
face stripes where the components join. A similar suture is recognizable for 
many hours in homopolar grafts, but signs of constriction never appear in these. 
In heteropolar grafts, the constriction deepens progressively and 24 hours after 
fusion, only a slender strand may still connect the two members. Complete sepa- 
ration of the members occurs invariably, the points of last contact developing into 
new holdfasts. 

In a given member, the number of macronuclear nodes at the time of constric- 
tive separation is generally either greater or smaller than before fusion, although 
the total number of nodes in the doublet remains constant. Also, the volumes of 
the separated units may be strikingly different from their volumes before fusion, 
even allowing for the fact that small quantities of cytoplasm may have been excised 
during the grafting procedure. The constriction evidently cuts through the in- 
terior protoplasm regardless of whether nuclei and endoplasm in the constriction 
plane derive from one or the othér component. It may be concluded that the plane 
of constriction is determined solely by the ectoplasmic suture line. The phenome- 
non of constructive separation is strikingly reminiscent of vegetative division, a 
process in which constriction takes place along a well-defined ectoplasmic fission 
line (Weisz, 1951). 

A similar result has been described by Lund (1917) for heteropolar doublets oi 
Bursaria truncatella. In this species, however, constrictive separation appears to 
occur only if the units are of equal volume; if they are not, “the smaller and weaker 
member sooner or later dedifferentiates and the whole or part of its substance 
becomes part of the stronger and larger member” (by redifferentiation with a 
reversed polarity). In S. coeruleus, on the other hand, constrictive separation 
takes place regardless of the initial relative volume of the units in the doublet, and 
none of the organelles ever dedifferentiate. (Moreover, reversal of polarity 
through de- and redifferentiation has never been observed in Stentor.) In other 
species studied, a heteropolar configuration is either remodelled into a homopolar 
one, or the doublet disintegrates within a short time (cf. Fauré-Fremiet, 1945). 

7. Telobiotic (or parabiotic) heteropolar fusion; removal of one or both oral 
regions. In either case, normal regeneration occurs. Regeneration is completed 
long before the units separate. If the oral areas are excised only one to two hours 
before the units are expected to separate, they divide as fragments and regenerate 
thereafter. 

8. Telobiotic heteropolar fusion; excision of one macronucleus. 

a. Two whole animals are joined; and by methods described in No. 3a, all 
except 2 or 3 macronuclear nodes of one of the components are excised. Under 
these conditions, the heteropolar configuration is never maintained, even if all 
possible precautions are taken to produce an initially truly heteropolar doublet 
possessing a straight axis. Transformation into a homopolar parabiotic system 
ensues invariably within a few hours. Thereafter, the course of events is identical 
with that described in No. 3a. 
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If one of the units is not completely enucleated and even a single node is re- 
tained, heteropolarity persists and constrictive separation takes place. 

b. A normal Stentor is joined with one undergoing physiological reorganiza- 
tion, and the condensation nuclei of the reorganizing member are excised. As in 
No. 8a, transformation into a homopolar doublet soon takes place. Thereafter, a 
single individual arises by processes described in No. 3b. 

9. Telobiotic heteropolar fusion; an organism undergoing physiological re- 
organization (condensation nuclei excised) joined to normal animal (oral region 
cut off). A homopolar doublet soon forms as above. Subsequent reorganiza- 
tion follows the steps outlined in No. 4. 

10. Mouth-to-mouth heteropolar doublets. Such complexes are produced by 
removing the oral regions of two whole animals and grafting the cut surfaces to- 
gether. As in foot-to-foot heteropolar doublets, heteropolarity changes to homo- 
polarity unless the doublet possesses a straight longitudinal axis. 

Regenerative replacement of both oral regions begins four to five hours after 
fusion, the expected time interval at room temperature. Some 12 hours after fu- 
sion, regeneration is completed. Normal, well-formed peristomes and _ gullets 
have developed in each component. These oral organelles are situated laterally, 
along the suture line of the doublet. Constrictive separation does not take place. 
Twenty-four hours after fusion, the doublet has become remodelled inte a homo- 
polar parabiotic system, the two holdfasts now lying side by side, and the two oral 
regions occupying the anterior aspect of the doublet. Further reorganization into 
a single individual occurs as in No. 1. 


MULTIPLE COMPLEXES 


By grafting doublets to other doublets or to single animals, a considerable num- 
ber of Stentors can be combined in any desired pattern. Complexes consisting of 
up to 6 individuals have been prepared, each complex representing a. random or 
non-random pattern of homopolar or heteropolar grafts. The results may be 
summarized as follows. 

a. In properly formed complexes, each component occupies a definite continu- 
ous space within the system. The space is initially identifiable by a virtually in- 
tact system of surface stripes, by a distinct chain of macronuclear nodes, and by 
normally functional oral organelles. Such complexes are viable, regardless of the 
orientation of the components. 

The grafting procedure sometimes leads to a severe disruption of the surface 
organelles of the fusion complex. As a result, the spatial individuality of given 
units is destroyed more or less completely. This effect can also be achieved in- 
tentionally, by passing the operating needles rapidly and at random through the 
fusion complex. Such systems are not viable. Abortive attempts at surface re- 
organization are noticeable, but after some days vacuolation becomes increasingly 
apparent, and the complex ultimately disintegrates. 

b. During the first 12 to 18 hours after fusion, more or less extensive ectoplasmic 
shifts and internal cyclosis-like rearrangements occur in viable complexes. Re- 
gardless of the initial fusion pattern, these shifts change the pattern into one of 
three characteristic types. In one of these, the system acquires a single major 
axis, and all units are aligned in parabiotic homopolar orientation. In a second 
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type, the complex is essentially biaxial. The two axes form a straight line, but 
have opposite sense, i.¢., the two oral poles are at opposite ends of the straight line, 
and the two pedal poles join at a common point, approximately mid-way along 
the line. Around each of these axes are grouped one or more units in parabiotic 
homopolar combination. These homopolar groups are consequently telobiotic and 
heteropolar to each other. In a third, less common, pattern of organization, the 
complex is triaxial. The three axes radiate out from a common (pedal) center 
and subtend roughly equal angles. One or more units are grouped around each 
of the axes in homopolar parabiotic combination. 

The number of sub-units composing the complex does not influence the type 
of pattern emerging after 24 hours. Rather, a given pattern is partly an enhanced 
expression of a fundamental initial architecture of the complex, and partly a result 
of form-regulating rearrangements. The latter are in turn predictable from the 
spatial peculiarities of the fusion mass. Experiments indicate that the three pat- 
terns described are probably the only ones which can possibly emerge. Attempts 
to create radial tetraxial complexes always meet with failure. In such attempts, ad- 
jacent axes at best subtend 90-degree angles, which eventually increase to 180 de- 
grees or to zero, bringing the units grouped around these axes into heteropolar or 
homopolar alignment. Thus, even if all four axes lie in one plane, the second pat- 
tern described above emerges. Random polyaxial and completely irregular com- 
plexes also transform into one of the organizations described. 

c. A homopolar parabiotic group, whether it represents an entire complex or 
only a part, ultimately reorganizes to a single organism or sub-unit, by steps de- 
scribed in principle under experiment No. 1. Oral regions are dedifferentiated 
one by one, at a rate of approximately one every 24 hours. The last oral region 
persists. 

Parabiotic homopolar groups which are telobiotic and heteropolar to each other 
separate by constriction after one or two days. This holds true for biaxial as well 
as for triaxial complexes. The latter, if not previously transformed into homopolar 
groups, may either split into three monaxial subcomplexes at roughly the same 
time, or may first give rise to one monaxial and one biaxial complex. 

d. If one or more of the organisms which are originally grafted together are 
in late stages of the vegetative cycle, fission will occur while they are joined to the 
complex. Depending on the manner of fusion, the ectoplasm in the presumptive 
path of the fission line may either be partially excised or twisted out of position, or 
may lie entirely free and unobstructed. In the former case, fission cannot be com- 
pleted (cf. Weisz, 1951). A new oral area and a (partial) posterior daughter 
individual are formed nevertheless, thus increasing by one the number of units 
in the complex. In the latter case, fission is completed and the anterior (or the 
posterior) daughter individual is constricted off from the fusion mass. 


DiscussiON AND CONCLUSIONS 


The following general conclusions can be drawn from the data. 


1. Grafting procedures in S. coeruleus yield fusion complexes which are in- 
variably labile. A given complex, if viable, always reorganizes into one or more 
single individuals: (a) by breaking up into units through constriction, in which 
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case the constituent organisms of the complex are recovered more or less in toto; 
or (b) by stepwise dedifferentiation of all but one of the component units, in 
which case a single, enlarged but normal individual develops; or (c) by a combi- 
nation of these two processes. Viability of the complex is contingent upon the 
retention of the essential individuality of each unit, particularly as regards the 
surface organelles. If the ectoplasm is too severely disrupted, the fusion mass 
ultimately disintegrates. 

2. It is clear that the instability, of fusion complexes cannot be due to either 
endoplasmic or nuclear incompatibility. This is substantiated both by the fact 
that grafting is possible at all, and by the observation that all homopolar and many 
heteropolar complexes give rise to individuals which contain nuclei and endoplasm 
from more than one source, in permanent, stable union. The lability of fusion 
complexes and the different experimental results must therefore be interpreted 
through ectoplasmic activities. 

It has been shown elsewhere (Weisz, 1951) that in S. coeruleus all phases of 
morphogenesis decisively involve kinety I. According to Lwoff (1950) and his 
collaborators, this and every other kinety is a system of ectoplasmic organelles 
composed of a longitudinal row of granules, the kinetosomes, and a longitudinal 
fiber, the kinetodesma, which is situated to the right of the kinetosomes. Kineties 
are thus asymmetrical, being polarized both transversely and longitudinally. 
Since present experiments deal primarily with problems of morphogenesis, the 
results should be interpretable in terms of kinetal function. 

3. Stepwise dedifferentiation of supernumerary units constitutes the method 
of reorganization in complexes composed of units which are initially or secondarily 
joined in homopolar and parabiotic orientation. In any homopolar association of 
organisms, all kineties are oriented in the same sense and in the same direction, 
i.¢., they are mutually homopolar themselves, both longitudinally and transversely. 
Thus, the net effect of this type of grafting is the interpolation, into an existing 
layer of kineties, of another section of ectoplasm containing identically oriented 
kineties. No fundamental change has occurred in kinetal orientation per se. The 
graft is integrated functionally and remains permanently in place. 

On the other hand, the procedure introduces additional kineties I into the 
system, and an equal number of oral organelles, holdfasts, and contractile vacuoles. 
Why is stability and an equal status of “dominance” not retained by all of the sets 
of organelles and the kineties I? Indeed, an essentially identical question must be 
raised for any normal single Stentor: how are individual kineties prevented from 
exercising the same specialized functions as kinety I, particularly since it has been 
shown (Weisz, 1951) that all kineties are fundamentally equipotential? No fully 
conclusive answer can as yet be given to this important general problem. Ec- 
toplasmic structures arise from, and are maintained by, specialized kinetosomes 
which in turn are derivatives of the kinetosomes in kinety I (cf. Weisz, 1951). 
It is clear, therefore, that all questions of physiological dominance involving dif- 
ferentiated organelles or kineties reduce to problems of kinetosomal dominance. 

Present experiments and certain aspects of earlier observations on kinetal proc- 
esses suggest a metabolic solution of the problem of kinetosomal dominance. If 
given kinetosomes were to possess, or could acquire, a competitive metabolic ad- 
vantage over other kinetosomes, the morphogenetic potentials of the latter would 
remain or become inhibited. The experiments indicate that kinetosomes of the 
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largest sub-unit in a fusion complex generally acquire dominance over kinetosomes 
in other sub-units. This might imply that particular dominance relationships within 
the complex are due to quantitative differences of structure, and thus presumably 
of maintenance metabolism, among the sub-units. Dedifferentiation of the organ- 
elles in the smaller sub-units, and loss of specialized function of their kineties I, 
would then be a consequence of continuous successful competition by the kinetosomes 
of the sub-unit possessing a quantitative metabolic advantage. 

Furthermore, kinetosomes of complexly differentiated organelles are dominant 
over kinetosomes of less complexly differentiated structures. In normal Stentors, 
for example, oral kinetosomes are dominant over those in kinety I: the latter ob- 
viously can not produce additional oral regions as long as one is already present, 
but can do so as soon as the oral kinetosomes are removed (Weisz, 1951). This 
relationship accounts for the observation (experiment No. 2, above) that in the ab- 
sence of the larger oral region in a doublet, the smaller oral region becomes domi- 
nant over kinety I of the larger sub-unit, and regeneration of the excised structures 
cannot occur. In the absence of both oral regions, however, kinety I of the larger 
sub-unit becomes dominant over all other kineties, and this kinety alone gives rise 
to a new oral region. Analogous interrelationships hold true between kineties and 
holdfasts or contractile vacuoles, as the experiments indicate. In view of the funda- 
mental equipotentiality of kinetosomes, dominance relationships in the above in- 
stances might again imply intrinsic, or micro-environmentally conditioned, meta- 
bolic specializations of kinetosomes. These specializations would determine the 
degree of complexity to which given organelles become differentiated. 

4. In heteropolar complexes, the predominant method of reorganization entails 
constrictive separation (unless the system transforms secondarily into a homopolar 
complex). In these instances, kineties are oriented in the same direction, but in 
the opposite sense, i.e., they are longitudinally and transversely heteropolar. 
Comparison with homopolar grafts indicates that the lability of these complexes 
is due primarily to the heteropolarity of the apposed kineties. As in other as- 
pects of kinetal behavior (Weisz, 1951), properties of a magnet are suggested, inas- 
much as like poles of the kineties appear to repel each other. Consequently, each 
unit in the complex should, and does, retain complete ectoplasmic individuality 
(even though an early neural and contractile integration is indicated). Domi- 
nance relationships are not established, and each unit therefore retains the essential 
characteristics of a free, single individual. This includes the capacity of regenera- 
tion, maintained by an independently functional kinety I (cf. experiment No. 7). 
Constriction itself, considered from the standpoint of a single unit, is a process 
equivalent to that following removal of the posterior region in a normal free ani- 
mal: the region of the cut elongates and narrows down to a protruding tip, the 
latter developing into a new foot. As already noted, fissional constriction pro- 
ceeds through very similar steps ; the contrictional forces involved are probably the 
same. 

5. The experiments in No. 3, No. 4, No. 8, and No. 9 show that macronuclei 
are cross-active from one unit to another. Nuclei in one unit not only maintain 
viability and normal function of organelles in an enucleated unit, but also support 
differentiation, e.g., the completion of oral differentiation in the enucleated member 
in experiment No. 4. On the other hand, enucleation evidently does affect the 
status of dominance of a unit within a complex. Even though the enucleated unit 
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of a parabiotic doublet may be the larger component, the smaller nucleated member 
will nevertheless acquire dominance (cf. experiment No. 3a). Macronuclear cross- 
activity thus cannot fully compensate for the absence of nuclei in a unit. It is im- 
possible to determine the reasons for this from the existing evidence, but since the 
question of dominance is involved, a solution in metabolic terms may again be indi- 
cated. Comparison of experiments No. 3b and No. 4 also shows that loss of the 
macronucleus does not affect the status of dominance as much as loss of the oral 
apparatus. 

6. Secondary transformation of a heteropolar doublet into one which is para- 
biotic and homopolar occurs: whenever the two axes do not form a straight line; 
when one of the units is enucleated; and in mouth-to-mouth heteropolar associ- 
ations. 

Biaxial systems in which the two axes do not have the same direction are funda- 
mentally monaxial from the outset. A major axis bisects the angle between the 
components and such systems are actually parabiotic, the area of fusion being con- 
fined to the most posterior regions. Subsequent reorganization merely makes the 
parabiosis more obvious and effects a more nearly homopolar orientation of the 
kineties. 

An originally heteropolar doublet with an enucleated component represents a 
system in which the components are no longer co-equal. Despite macronuclear 
cross-activity, the enucleated unit loses an as yet indefinable characteristic of 
kinetal individuality (cf. preceding section), and a dominance relationship pre- 
sumably arises within the complex. It is not apparent, however, how these condi- 
tions could lead to the initial change of kinetal polarity. 

Transformation of mouth-to-mouth heteropolar doublets also remains unex- 
plained. Such complexes maintain true heteropolarity until the two oral regions 
have fully regenerated. Only then does an orientational change occur. Present 
evidence does not show why constrictive separation does not take place instead. 

Regardless of the specific conditions which induce orientational changes in given 
fusion complexes, the mechanism of transformation appears to be the same in every 
case. Unilateral resorption and a consequent shortening of kineties is probably 
involved. 

7. While many of the results merely raise new problems, a sufficient body of 
evidence has accumulated to indicate that grafting phenomena in S. coeruleus, like 
fusion phenomena in other species (Fauré-Fremiet, 1945), are governed to a great 
extent by kinetal and kinetosomal processes. Kineties and kinetosomes should there- 
fore hold clues to questions as yet unresolved. Among the most puzzling of such 
questions is the different behavior of fusion complexes in different species. Fur- 
ther work, conceivably supplemented by grafting techniques, may not only yield 
answers to this problem, but may also increase significantly our understanding of 
kinetal and kinetosomal function. 


SUMMARY 


1. A technique is described which permits oriented grafting of two or more 
whole Stentors or fragments. 

2. Fusion complexes in S. coeruleus are invariably labile. If the surface organ- 
elles of the component units are too severely disrupted, the complex disintegrates. 
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In viable homopolar systems, all but one of the units dedifferentiate, and a single en- 
larged individual is formed. In heteropolar systems, the units maintain their indi- 
viduality and finally constrict apart, in a process strikingly reminiscent of fissional 
constriction. Random multiple complexes first acquire one of three characteristic 
patterns of organization, and then reorganize into single organisms by either or 
both of the methods mentioned. 

3. In a homopolar parabiotic doublet, the unit which later dedifferentiates is 
always the smaller component. It cannot regenerate excised parts, even before its 
individuality is suppressed. On the other hand, if the oral organelles of the larger 
component are excised, they do not regenerate, and the smaller unit becomes 
dominant. In heteropolar complexes, each unit can regenerate excised parts, re- 
gardless of its initial relative volume. 

4. Macronuclei are found to be cross-active, nodes of one unit maintaining 
normal function and the capacity of differentiation in an enucleated unit. How- 
ever, the particular status of dominance of a unit is abolished by enucleation. 

5. Questions raised by the experiments are shown to be reducible to problems 
of kinetal and kinetosomal function. As far as is possible, therefore, the results 
are interpreted in terms of activities of kineties and kinetosomes, ectoplasmic or- 
ganelles known to be decisively involved in processes of ciliate morphogenesis. 
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Twitty and Bodenstein (1939 and 1944) and Twitty (1945) have shown that 
grafted urodele pigment cells which have a relatively rapid developmental rate are 
able to suppress the differentiation of more slowly developing pro-pigment cells. 
An examination of the correlation between differences in rates of development and 
degree of suppression (Lehman, 1950) has demonstrated that a relatively large, 
though not maximal, difference between the developmental rates of donor and host 
cells provides the most favorable condition for the suppression of pigmentation. 
The latter study also showed that although the inhibition of slowly developing 
cells may be virtually complete in pre-feeding and early larval stages, the effect 
is not permanent. The more slowly developing melanophores later appear in 
progressively greater numbers and make a substantial contribution to the final 
pigment pattern at metamorphosis. There is thus a clear indication that the phe- 
nomenon of pigment suppression of the type encountered here* should be con- 
sidered a temporary condition associated with embryonic and early larval periods 
of pigment differentiation. 

The experiments described in this paper are a continuation of the work cited 
(Lehman, 1950) and attempt to clarify further the developmental mechanics of 
the suppression phenomenon. To this end, three general aspects of pigment cell 
behavior have been investigated. Listed in the order treated, they are: A) 
chromatophore interactions influencing pigment cell migration, B) influences of 
environmental factors on chromatophore differentiation, and C) intrinsic species 
differences in pro-pigment cell behavior. 


The writer gratefully acknowledges his indebtedness and appreciation to Pro- 
fessor V. C. Twitty, whose personal interest, encouragement, and critical sugges- 
tions played a large part in bringing this work to completion. 


MATERIALS AND METHODS 


Embryos of five species of salamanders possessing different normal rates of 
development were used in the following experiments. Proceeding from the most 


1 Based in part upon data included in a dissertation submitted to the Faculty of Stanford 
University in partial fulfillment of the requirements for the degree of Doctor of Philosophy in 
the School of Biological Sciences. 

2 Not to be confused with the type of pigment inhibition that results from the replacement 
of anterior trunk neural folds by anterior cranial folds (Niu, 1947). This type of pigment in- 
hibition presents one of the most puzzling enigmas in the entire problem of pigmentation, and is 
entirely different in character from the suppression effect dealt with in this paper. 
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rapid to the slowest, this graded series consisted of Amblystoma tigrinum, A. 
mexicanum (the black axolotl), A. punctatum, Triturus torosus and T. rivularis, 
The differences in their developmental rates are graphically portrayed in an earlier 
paper (Lehman, 1950). The embryos of T. rivularis were obtained from Robinson 
creek near Ukiah, California, and those of T. torosus were collected from ponds 
and streams in the vicinity of Stanford University. The eggs of A. punctatum 
were shipped to Stanford University from Connecticut, North Carolina, and Illi- 
nois, and those of A. tigrinum, from Illinois. A. mexicanum eggs were obtained 
by temperature-induced spawning from axolotls maintained at the Stanford 
laboratory. 

The experiments ‘include the explantation, transplantation, and extirpation of 
neural folds and neural crest, and the transplantation of epidermis. Unless other- 
wise stated, experimental embryos along with appropriate controls were reared in 
individual dishes and kept at 14 to 18° C. The culture methods employed for in 
vitro studies followed the hanging drop technique described by Twitty (1945). 
The nature of the various graft and explant combinations, along with special de- 
tails of methods and techniques, are given in conjunction with the description of 
each experimental series. Developmental age is given in terms of the Harrison 
stages for A. punctatum and A: tigrinum and the closely corresponding Twitty and 
Bodenstein stages for T. torosus and T. rivularis (see Hamburger, 1942, pp. 202- 
204, and Rugh, 1948, pp. 94-101). For brevity, single arrows have been used 
throughout the text to indicate the direction of donor-to-host graft combinations. 


EX PERIMENTS 
A. Chromatophore interactions influencing pigment cell migration 


Considerable experimental data (Twitty, 1944, 1945, and 1949, and Twitty and 
Niu, 1948) support the thesis that the primary motivating force in pigment cell 
migration is intrinsic to the chromatophore population itself, rather than being due 
to chemotactic (Rosin, 1943, and Holtfreter, 1947) or thigmotactic (Weiss, 1945, 
and Dalton, 1949 and 1950) responses to the tissue environments the cells may 
enter. The movement of pigment cells can be considered the expression of inter- 
cellular antagonisms (in the sense of Holtfreter’s “negative tissue affinities” 
(1939) ), which cause the cells to repel one another mutually and, in a manner of 
speaking, to strive for isolation. Twitty (1945) has shown that the same intercellular 
antagonisms that are responsible for migration also enable pigment cells to impede 
the migration of other melanophores that might attempt to invade an occupied ter- 
rain. The experiments in Series 1, 2, and 3 were carried out in order to discover 
the duration of the period in which pigment cells manifest mutual antagonisms. 


Series 1. Duration of mutual antagonisms between chromatophores in vitro: 
Cultures of trunk neural crest and neural folds were prepared in the following 
manner. Mesoderm-free neural crest, along with a small amount of underlying 
neural tissue, was removed from Stage 23-25 tail bud embryos after the mid-dorsal 
epidermis had been carefully stripped away. Mesoderm-free trunk neural folds 
were taken from Stage 16-17 neurulae. The strips of excised neural crest and 
neural fold were divided into three parts of equal size and each piece was then iso- 
lated in a drop of Holtfreter solution on a cover glass. The cultures were sealed 
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Piate I 


Figure 1A. A culture in Holtfreter solution of two pieces of neural crest differing 
moderately in age, showing a primary outgrowth (below) of A. punctatum chromatophores 
11 days after explantation, and a secondary outgrowth (above) of T. torosus pro-pigment cells 
heavily charged with yolk platelets 5 days after explantation. A broken line marks the ap- 
proximate boundary between the cells of the two outgrowths. 

Ficure 1A’. A different culture from the same series as figure 1A, 3 days later. 

Figure 1B. A culture of two pieces of 7. torosus neural crest of widely different age. 
Fully differentiated melanophores and light gray xanthophores 16 days after explantation can 
be seen with many pro-pigment cells of the secondary explant (6 days after isolation) migrating 
over them. 
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in inverted depression slides and three to four days were allowed for attachment 
of explants before the slides were righted and examined. The cultures were kept 
at 18° C. for the duration of the experiment. 

The tendency for cells to migrate in vitro was taken as the indication of the 
presence of intercellular antagonisms. Using this basis for judgment, it appears 
that the initial development of pronounced intercellular antagonisms coincides with 
the onset of normal migration. The basis for this assumption is found in the 
commonly observed fact that a longer period of time was required for explanted 
neural folds to give outgrowths than was needed by neural crest. In either case, 
outgrowths in cultures did not begin until the explants reached an age approximat- 
ing that at which pro-pigment cells normally began to leave the neural crest in con- 
trol embryos. According to Detwiler (1937), this corresponds to the period be- 
tween Stages 28 and 31 for A. punctatum, and it is assumed that approximately the 
same holds true in the other species used. 

A simple modification of an experiment devised by Twitty (1945) was used in 
attempting to discover the duration of the period in which pigment cells actively 
repel one another. Instead of placing two explants of neural crest of the same 
age in a single drop of medium, pieces of neural fold were introduced into hang- 
ing drops of Holtfreter solution which possessed a previously explanted fragment 
of neural crest with its established outgrowth of cells (hereafter referred to as 
the “primary outgrowth”). By means of glass needles, the younger “secondary” 
explant was moved as near as possible to the edge of the primary outgrowth. The 
fluid in the drop was replenished before being re-sealed in an inverted depression 
slide. The cultures were not disturbed for three or four days to permit the sec- 
ondary explants to become firmly attached to the glass surface. From 24 to 70 
preparations of each of the following double explant combinations were made: 
T. torosus on T. torosus, T. torosus on A. punctatum, A. punctatum on A. puncta- 
tum, and T. rivularis on A. punctatum. In some cases the primary outgrowths 
were relatively young, and in others they were in advanced stages of differentiation 
when the secondary explant was added. 

The results of Series 1 can be briefly summarized by saying that when the pri- 
mary and secondary outgrowths differed only moderately in age (1.¢., 4 to 8 days), 
there was little mixing of cells when the margins of young and old outgrowths 
came in contact with one another. This is illustrated in Figures 1A and 1A’. The 
opaque areas in the figures show the positions of the explants (primary below, 
secondary above), and the broken line in each figure marks the approximate boun- 
dary between cells of the primary and secondary outgrowths. It will be noted that 
cells of the latter have migrated extensively only in previously unoccupied areas. 
This is taken as evidence for the existence of intercellular antagonisms which enable 
the partially differentiated cells of the primary outgrowth to halt the advance of 
younger cells. Fully mature chromatophores, on the other hand, offered virtually 
no impediment to the migration of young cells. This can be seen in Figure 1B in 
which young cells, abundantly supplied with yolk platelets, have migrated freely 
over the heavily pigmented cells of the primary outgrowth. 

There is thus a clear indication that, in vitro at least, incompletely differentiated 
melanophores offered a more effective barrier to the migration of young pro-pigment 
cells than was presented by mature melanophores. More striking confirmation 
of this generalization was provided in the following series of transplantations. 





ANALYSIS OF PIGMENT SUPPRESSION 131 


Series 2. Duration of mutual antagonisms between chromatophores in vivo: 
In order to discover whether the age and distribution of older neural crest cells 
would influence the migration of younger cells within the embryo, three series of 
transplantations were carried out. They involve the grafting of identical pieces of 
Stage 23 A. punctatum trunk neural crest unilaterally onto the flank at the yolk 
border of Stage 24, 32, and 37 + T. rivularis embryos. 

Series 2a. Stage 23 A. punctatum neural crest grafted onto the flank of Stage 
24 T. rivularis hosts: At the time of operation, both donor and host pro-pigment 
cells were at essentially the same developmental age. However, owing to the in- 
trinsically slow pace of T. rivularis development, the host cells subsequently lagged 
considerably behind those of donor origin. Donor cells spread radially from the 
grait and achieved a wide distribution over the yolk mass. They appropriated areas 
anterior and posterior to the graft and extended as far dorsally as the base of the 
fin (Fig. 2A). Host cells were prevented from making an appearance in these 
areas until after Stage 41. 


PLatTeE II 
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Stace 23 


Stace 37+ | 2C 


Figure 2A. Stage 23 A. punctatum neural crest grafted at the yolk border of 7. rivularis 
host at Stage 24; figure 18 days after operation, at Stage 44 +. 

Figure 2B. Stage 23 A. punctatum neural crest grafted at the yolk border of T. rivularis 
host at Stage 32; figure 8 days after operation, at Stage 42. 

Figure 2C. Stage 23 A. punctatum neural crest grafted at the yolk border of T. rivularis 
host at Stage 37 + ; figure 11 days after operation, at Stage 45. See explanation in text. 


Series 2b. Stage 23 A. punctatum neural crest grafted onto the flank of Stage 
32 T. rivularis hosts: At the time of operation, host cells were in an early stage of 
active migration over the flanks, but as yet were not pigmented. By host Stage 36, 
a full complement of T. rivularis host cells was faintly visible on the flank dorsal to 
the graft before any donor melanophores appeared. When the latter did make an 
appearance, their distribution was restricted to the immediate vicinity of the trans- 
plant and to the suriace of the yolk mass ventrolateral to the graft site (Fig. 2B). 
These results are noteworthy, inasmuch as they clearly demonstrate that, if given 
a moderate advantage in age, 7. rivularis melanophores are able to inhibit the 
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migration of A. punctatum pro-pigment cells as effectively as they themselves were 
inhibited by A. punctatum cells in Series 2a. 
Series 2c. Stage 23 A. punctatum neural crest grafted onto the flank of Stage 
37 + T. rivularis hosts: The pigmentation of host melanophores was well advanced 
at the time A. punctatum neural crest was grafted on the flank. Donor pigment 
cells were first observed at host Stage 40 — and, as can be seen in Figure 2C, they 
were able to migrate radially in all directions from the transplant. This result ob- 
tained in spite of the presence of fully mature host cells dorsal to the graft. There- 
fore, although the distance of migration was less extensive, the distribution of 
donor melanophores was similar to that achieved by A. punctatum cells in Series 2a. 
The results from transplantations in Series 2 are in complete accord with those 
obtained from double explantations in Series 1. Series 2a and 2b duplicate im 
vivo the results obtained in Series 1 cultures in which the two explants differed 
only moderately in age and exhibited strong mutual antagonisms between cells of 
opposing outgrowths. Series 2c, on the other hand, is comparable to those ex- 
plantations in which the fully differentiated cells of the primary outgrowth offered 
little opposition to invasion by young pro-pigment cells. 


Series 3. Experimental modification of the degree of pigment suppression ob- 
tained in chimeric-crest combinations: Additional evidence concerning the relation- 
ship of intercellular antagonism to pigment suppression was obtained by modifying 
the standard procedure in preparing “chimeric-crest embryos” (i.¢., embryos in 
which one trunk neural fold was replaced at Stage 17 by a corresponding fold from 
another species ; as a consequence, one side of the resultant neural crest is of donor 
and the other of host origin ; see Lehman, 1950). 

Series 3a. Development of A. mexicanum — T. torosus chimeric-crest em- 
bryos at low temperature: This chimeric-crest combination was selected because 
it had been shown (Lehman, 1950) that A. mexicanum chromatophores (which 
possess a developmental rate intermediate between those of A. tigrinum and A. 
punctatum) were most effective in suppressing the differentiation of Triturus 
melanophores. By subjecting A. mexicanum — T. torosus chimeric-crest embryos 
to low temperature following the operation, it was found that the high degree of in- 
hibitory action of A. mexicanum chromatophores could be greatly minimized. Em- 
bryos kept for 30 days at 6° C. had advanced from Stage 17 to Stage 29-30 when 
they were finally returned to standard temperatures (14 to 18° C.). The degree 
to which T. torosus pigmentation was suppressed following this prolonged and 
severe chilling was markedly reduced. Figure 3A shows a normal T. torosus 
larva and Figure 3A’ shows a cold treated A. mexicanum — T. torosus chimeric- 
crest host. It will be noted that T. torosus melanophores on the experimental ani- 
mal are only slightly fewer in number than those on the control. The contrast 
between these results and those obtained in chimeric-crest larvae reared at stand- 
ard temperatures is evident by comparing Figures 3A’ and 3A”. In the latter, 
many more A. mexicanum pigment cells have differentiated and the suppression 
of T. torosus melanophores throughout the trunk region is essentially complete. 
This result obtained in spite of the presence of T. torosus neural crest along the 
entire anteroposterior axis of the host embryo. 

This experiment demonstrates that the degree of suppression in chimeric-crest 
larvae is subject to modification by special treatment. However, it is not known 
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whether cold treatment resulted in an increase or a decrease in the difference be- 
tween donor and host developmental rates. It is possible that the two components 
of the chimeric-crest were affected unequally or were retarded to such a degree 
that the normal disparity in rates of development was, in effect, eliminated or al- 
tered sufficiently to permit partial T. torosus pigmentation. 

Series 3b. Chimeric-crest transplantations involving donor and host neurulae 
of different developmental age: The A. punctatum — T. rivularis combination was 
selected as offering the most favorable opportunity for observing the effects of 
slight alterations in the disparity between normal donor-host developmental rates. 
The difference between the developmental rates of these two species is relatively 
large, but has been shown (Lehman, 1950) to be slightly sub-optimal for obtaining 
a maximal degree of suppression. In order to reduce the difference between the 
developmental rates of donor and host tissues as much as possible, a trunk neural 
fold from young (Stage 14 —) A. punctatum neurulae was grafted in substitution 
for a neural fold on T. rivularis hosts in which the neural folds were just beginning 
to fuse (Stage 19+). It was thought that by this means a sufficient age handicap 
might be imposed upon the grafted A. punctatum cells to reduce significantly their 
capacity to suppress T. rivularis pigmentation. The results are illustrated in Fig- 
ure 3B’. It will be noted that T. rivularis melanophores are scattered abundantly 
over the flanks and fin. The more intensely pigmented 4. punctatum melanophores 
are, in the main, aggregated ventrolaterally near the yolk border. Compare this 
distribution of donor and host cells with that in Figure 3B”, which is typical of 
A. punctatum — T. rivularis chimeric-crest larvae in which donor and host em- 
bryos were at the same developmental age (Stage 17) at the time of operation. 
The unusual arrangement of pigment cells shown in Figure 3B’ can be accounted 
for by assuming that A. punctatum cells were the first to migrate from the neural 
crest but were very shortly followed by host pro-pigment cells. The second wave, 
composed of T. rivularis cells, may be visualized as exerting mutual antagonisms 
which not only resulted in their own dispersion, but also kept the A. punctatum 
cells advancing peripherally until pigmentation took place and migration stopped. 

The experimental evidence provided by Series 1, 2, and 3 indicates that the pe- 
riod during which developing chromatophores exhibit antagonistic properties be- 
gins with the onset of migration, is most pronounced while the cells are becoming 
pigmented, and declines as melanophores approach complete histological differen- 
tiation. However, since they lose this character as they mature, why is it that in 
some Amblystoma—tTriturus chimeric-crest combinations the suppression effect 
persisted long after the Amblystoma cells were fully pigmented?* The analysis of 
the factors responsible for this “secondary” delay in the differentiation of Triturus 
melanophores is the primary concern of the next section. 


B. Influence of environmental factors on chromatophore differentiation 


Many experiments have revealed that the ability of pro-pigment cells to 
synthesize melanin is in a large measure governed by the tissues surrounding them 


8 T. torosus melanophores, if failing to differentiate during the normal period before Stage 
41, did not appear until the 18-20 mm. larval stage; T. rivularis melanophores, conversely, be- 
gan to appear in Amblystoma pigment areas as early as Stages 41 to 44 and became progressively 
more abundant as development proceeded (Lehman, 1950). 
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(see reviews by DuShane, 1943 and 1948; Rawles, 1948; Twitty, 1949; and Lerner 
and Fitzpatrick, 1950). “The precise nature of the environmental contribution to 
pigmentation is problematical ; however, the most prevalent suggestion is that the 
epidermis and mesoderm supply hypothetical substances that act either as precursors 
of melanin or have some enzymatic action affecting the production of this pigment. 
An alternate theory has recently been advanced (Dalton, 1949 and 1950) to ac- 
count for differences between white and black axolotls; it suggests that “the pri- 
mary inhibitory action of white tissues was not on melanin synthesis but on the 
migration of pro-pigment cells” (1950, p. 152). Since the general applicability 
of Dalton’s “migration-inhibition hypothesis” is still conjectural, the terminology 
of the more familiar “precursor-enzyme” hypothesis will be used in the following. 
The term “melanogenic substances” will be used to designate materials of unidenti- 
fied nature and action which foster melanogenesis. 

The problem at hand concerns the question raised at the close of the preceding 
section : namely, what is the basis for the secondary delay in Triturus melanophore 
differentiation after the pigmentation of Amblystoma cells was apparently complete 
on chimeric-crest embryos (for specific description, see Lehman, 1950)? If the 
“suppressed” Triturus cells were able to migrate onto the flanks after the fully 
pigmented Amblystoma cells had lost their antagonistic character, the secondary 
delay might be explained by: 1) a decline in the capacity of older epidermis to 
promote pigmentation, and/or 2) the depletion of melanogenic substances to sub- 
threshold levels by Amblystoma cells which pre-empted available terrains at an 
earlier time. In either case, the question is reduced to whether or not the avail- 
ability of melanogenic materials was associated with the secondary delay in pig- 
mentation after intercellular antagonism could no longer be effective in suppressing 
the differentiation of these cells. 


Series 4. Explantation of A. mexicanum — T. torosus chimeric-crest in peri- 
toneal fluid: In an attempt to throw light on the above question, neural crest from 
A. mexicanum — T. torosus chimeric-crest embryos was cultured’ in peritoneal 
fluid obtained by abdominal puncture from spawning female salamanders. This 
culture medium was used, inasmuch as Twitty and Bodenstein (1939) had shown 
it to be more effective in promoting pigmentation in vitro than physiological salt 
solutions. It was reasoned that if melanogen concentration played any part in 
secondarily delaying pigmentation, it should be possible te induce some T. torosus 
cells to become pigmented by providing a rich melanogenic environment for their 
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Ficure 3A. Normal pre-feeding T. torosus larva at Stage 40 +. 

Figure 3A’. Cold treated A. mexicanum — T. torosus chimeric-crest host at Stage 42 (ex- 
planation in text). 

Figure 3A”. Stage 45 A. mexicanum —T. torosus chimeric-crest host reared at 14 to 
18° C. 

Figure 3AA. Normal pre-feeding A. mexicanum larva at Stage 41 +. 

Ficure 3B. Normal pre-feeding T. rivularis larva at Stage 42. 

Figure 3B’. Stage 14— A. punctatum — Stage 19+ T. rivularis chimeric-crest host; fig- 
ured at Stage 42 (explanation in text). 

Ficure 3B”. A. punctatum— T. rivularis chimeric-crest host in which both donor and 
host embryos were at Stage 17 at time of operation; figured at Stage 41. 

Ficure 3BB. Normal pre-feeding A. punctatum larva at Stage 44+. 
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development. The value of using this particular chimeric-crest combination is ap- 
patent from the fact that in vivo none, or at best very few, of the T. torosus pro- 
pigment cells would have differentiated before the 18-20 mm. larval stage (Leh- 
man, 1950). 

The chimeric-crest embryos which provided neural crest for this experiment 
were prepared in the usual manner. After the orthotopically grafted A. mexicanum 
trunk neural fold had healed in place and neurulation was complete, the dorsal 
epidermis was stripped away. The exposed chimeric-crest was removed and di- 
vided into three pieces of equal size. Forty-three pieces were isolated in drops of 


PLate IV 


Figure 4A. A culture of A. mexicanum—> T. torosus chimeric-crest in peritoneal 
fluid; figured 4 days after explantation. Well-differentiated A. mexicanum melanophores and 
xanthophores are peripherally located in the outgrowth. Small spindle shaped 7. torosus pro- 
pigment cells are easily recognized by their large yolk reserves. 

Ficure 4B. The same culture shown in figure 4A seven days after isolation. 7. torosus 
cells are partially pigmented. 


peritoneal fluid and kept at 18° C. for the duration of the experiment. After 
three days, outgrowths consisting of both A. mexicanum and T. torosus cells were 
well established. The A. mexicanum cells were for the most part located peripher- 
ally, thereby indicating that they had probably migrated from the explant in advance 
of the T. torosus cells. Figure 4A shows a four day culture in which A. mexicanum 
chromatophores are already well differentiated, whereas T. torosus cells are as yet 
unpigmented. In this photograph, small spindle shaped T. torosus cells appear 
dark, owing to the bi-refringence of numerous yolk platelets in the cytoplasm. 
A. mexicanum pigment cells are readily distinguishable from them by their larger 
size and smaller yolk reserves. Figure 4B shows the same culture three days later 
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after the 7. torosus cells were partially pigmented. They later became fully 
differentiated but are not figured, since that by that time the majority of A. mezi- 
canum cells had either become punctate or had detached themselves from the glass 
surface and presented a poor photographic subject. 

One can conclude from Series 4 that the temporary association of Triturus and 
Amblystoma pro-pigment cells in chimeric-crest combinations does not significantly 
diminish the capacity of Triturus melanophores to migrate from the neural crest. 
Nor does it prevent their becoming pigmented im vitro when an excess of melano- 
genic material is available. 


Series 5. Transplantation of Amblystoma epidermis on T. torosus chimeric- 
crest host: Amblystoma epidermis, which is more strongly melanogenic than that 
of T. torosus (DeLanney, 1941), was grafted on the flanks of chimeric-crest T. 
torosus hosts. This was done in an attempt to improve the regional conditions for 
pigmentation to such a degree that latent T. terosus melanophores, if present in the 
area, would become pigmented. It should be pointed out that early in their de- 
velopment 7. torosus melanophores are uniformly distributed over the flanks and 
later re-aggregate along the dorsal border of the somites (Figs. 3A and 5A) as a 
response to the region of highest melanogenic activity in the embryo (Twitty, 
1945). In this experiment, advantage was taken of the fact that the dorsal re-ag- 
gregation can be prevented if melanogenic conditions are sufficiently improved else- 
where as, for example, under grafted Amblystoma epidermis. 

Series 5a. Orthotopic transplantation of Stage 27 A. punctatum flank epidermis 
on Stage 27 A. punctatum—>T. torosus chimeric-crest embryos: The suppres- 
sion phenomen was in general poorly expressed in this chimeric-crest combination 
and an appreciable number of host cells were regularly identifiable along the dorsal 
somite border (Fig. 5A’). It was therefore not surprising to find that host cells 
also appeared on the flanks at the site of epidermal grafts. One case from this series 
is shown in Figure 5A’, in which the location of the flank graft has been marked by a 
broken line. Most of the host cells within the area are in the contracted phase 
and appear as small dense points. This condition is not uncommon when differen- 
tiation takes place over the yolk mass as has occurred here. This experiment does 
not give any indication as to whether the T. torosus melanophores under the epi- 
dermal grafts represent, 1) latent melanophores which otherwise would have been 
suppressed, or 2) pro-pigment cells which merely failed to undergo secondary re- 
traction to the dorsal somite border. Although no additional information is avail- 
able, it is thought that the second alternative is probably correct. 

Series 5b. Orthotopic transplantation of Stage 27 A. mexicanum flank epi- 
dermis on Stage 27 A. mexicanum — T. torosus chimeric-crest embryos : The strong 
melanogenic character of A. mexicanum epidermis was evidenced by a pronounced 
increment in the number of donor melanophores in the graft areas (Figs. 5B and 
5B’). T. torosus pigment cells were not identified in the graft region except in 
those instances in which the transplanted epidermis extended dorsally beyond the 
base of the fin. In the latter case (Fig. 5B”), a few T. torosus melanophores 
frequently were observed under the grafted epidermis along the dorsal border of 
the somites. The ability of A. mexicanum epidermis to foster melanization in T. 
torosus cells only near the mid-dorsal line is interpreted to mean that 4. mexicanum 
melanophores probably prevented the outgrowth of T. torosus pro-pigment cells 
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until early pre-feeding larval stages. If this were not the case, it would be diffi- 
cult to account for the failure of T. torosus melanophores to respond to the strong 
melanogenic influence of the grafted epidermis as was the case in Series 5a. 

It is probably safe to assume that availability of melanogenic substances was 
involved in the secondary delay in the differentiation of host cells in A. mexicanum 
— T. torosus chimeric-crest larvae, since some T. torosus melanophores did be- 
come pigmented in vitro (Series 4) and in vivo (Series 5b) when provided with 
a rich melanogenic environment. 


Series 6. Transplantation of young and old ventral epidermis mid-dorsally 
on T. torosus tail-bud embryos: It was suspected that the temporal decline in the 
melanogenic strength of T. torosus epidermis described by Twitty (1936) might also 
contribute to the secondary delay in pigmentation of T. torosus cells in chimeric-crest 
embryos. With this in mind, Twitty’s experiments were repeated for the purpose of 
determining the stage at which the melanogenic activity of the epidermis falls to sub- 
threshold levels for T. torosus pigmentation. 

The dorsal epidermis covering the neural tube and mesodermal somites was re- 
moved from the mid-trunk region of early T. torosus tail-bud embryos. Special 
care was taken to prevent injury to the underlying neural crest and mesoderm. 
The region of extirpation was then covered by mesoderm-free epidermis taken 
from the belly region of T. torosus donors of graded age. Belly epidermis was 
used in order to minimize the likelihood of transferring pigment cells adhering to 
donor epidermis. This region is not only farthest from the neural crest, but also 
Twitty and Bodenstein (1939) and DeLanney (1941) have shown that a barrier 
of unidentified character for a time prevents the ventral migration of pigment cells 
below the yolk border. The graft site was readily identifiable in larval stages, 
owing to the failure of grafted belly epidermis to respond to the dorsal fin in- 
ductor (Figs. 6A and 6B). Three classes of combinations were prepared; each 
consisted of 12 experimental animals, along with appropriate donor and host con- 
trols. The developmental age of donor controls was recorded when the hosts 
reached Stage 35, which coincides with the first appearance of host melanophores 
on the flank. This was done for the purpose of establishing an index of the age 
difference between donor and host epidermis during the active period of host 
melanophore differentiation. 

Series 6a. Stage 13 + T. torosus belly epidermis grafted on Stage 28 T. torosus 
tail-bud hosts: Three days following the operation at host Stage 35, pigment cells 
began to appear in donor and host areas. At this time, donor controls had pro- 
gressed to Stage 30+. Thereafter, host pigment cells continued to develop in an 
entirely normal manner and formed dorsal bands which were essentially similar 
to those at non-graft levels and on host controls (Fig. 6A). The competence of - 
young epidermis to foster pigmentation is apparently as great as that of the slightly 
older host epidermis. 

Series 6b. Stage 33 T. torosus belly epidermis grafted on Stage 23 T. Torosus 
tail-bud hosts: In the second series, four days were required for the Stage 23 hosts 
to advance to Stage 35. During this interval, donor controls had progressed to 
Stage 38. Fewer melanophores per unit area became pigmented in the graft re- 
gion than under host epidermis, but those which did appear were as darkly pig- 
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mented as those in non-graft areas. These results suggest that shortly after Stage 
38, there is a decline in the melanogenic strength of T. torosus epidermis. 

Series 6c. Stage 37+ T. torosus belly epidermis grafted on Stage 23 T. 
torosus tail-bud hosts: By the fourth post-operative day, pigment cells were visible 
on the Stage 35 host. By this time the donor controls had advanced to Stage 40 +. 
The number of melanophores that differentiated in graft areas was very drastically 
reduced and there were several instances in which their elimination was almost 
complete. This condition is shown in Figure 6B, in which the graft region has 
been outlined by a broken line. It should be mentioned that technical difficulties 
were encountered in transplanting Stage 37 + epidermis which has a strong tend- 
ency to curl. Healing was also slow and some of the host neural crest was lost 
before the wound was completely closed. It is possible that this may have caused 
a moderate reduction in the number of pigment cells in the graft region, but it is 
improbable that this factor could alone be responsible for the results obtained. 
Evidence for the presence of latent melanophores at graft levels was provided, 
moreover, by the presence of normal numbers of fully differentiated pigment cells 
around the neural tube, even though they were lacking under the overlying grafted 
skin. Melanophores around the neural tube are faintly visible through the 
myotomes in Figure 6B. , 

One can tentatively conclude that between Stages 38 and 40 + or shortly there- 
after, T. torosus epidermis to a large measure loses its capacity to promote pig- 
mentation in prospective T. torosus melanophores.* Thus, if rapidly developing 
Amblystoma pigment cells were able to delay the differentiation of T. torosus cells 
until Stage 41 (that is, by intercellular antagonisms that prevented outgrowth or 


by reducing melanogens to sub-threshold levels), then ageing of the T. torosus 
epidermis itself could become a significant factor contributing to a secondary de- 
lay in the pigmentation of T. torosus melanophores. 


C. Intrinsic species differences in pro-pigment cell behavior 


The question to receive immediate attention concerns the possibility that irre- 
spective of the melanogenic character of surrounding tissues, the period and se- 
quence of melanophore differentiation may be independently controlled by factors 
intrinsic to the pigment cells themselves. This possibility was suggested by dif- 
ferences in the normal manner of pigmentation in T. torosus and T. rivularis em- 
bryos, and by differences in the duration of the secondary delay in Triturus pig- 
mentation on chimeric-chest embryos. 


Series 7. Sequence of melanophore differentiation in species of Triturus and 
Amblystoma: The manner in which regions deprived of trunk neural crest became 
progressively invaded by melanophores from outlying regions provided the basis 
for distinguishing species differences in the time and sequence of melanophore 
differentiation. Trunk crest-less embryos were prepared by removing both trunk 
neural folds from Stage 16-17 neurulae. Following the operation, closure of the 
neural tube was essentially normal. Subsequent development was also normal ex- 


*For the present, this interpretation has ignored a possible source of error which is 
currently being investigated, namely, the question of whether or not the time and degree of 
loss in melanogenic strength are similar in dorsal and ventral epidermis. 
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cept for the absence of neural crest derivatives and a dorsal fin in the region of 
extirpation. In all species used, the crest-less area remained free of differentiated 
pigment cells until Stage 39. However, the region eventually became populated 
by melanophores, and the sequence in which this was accomplished was taken as 
a measure of the inherent capacity of pro-pigment cells in each species to continue 
to differentiate over an extended developmental period. 

Series Za, 7b, and 7c dealt respectively with the development of trunk crest- 
less embryos of T. rivularis (Figs. 7A and 7A’), A. mexicanum (Figs. 7B and 
7B’), and A. punctatum (Figs. 7C and 7C’). In these species, the invasion of 
crest-less areas by melanophores originating from levels anterior and posterior to 
the region of extirpation began at about Stage 40 and continued until the region 
was uniformly populated by pigment cells. Depending upon the anteroposterior 
extent of the crest-less area, pigmentation was completed at any time from pre- 
feeding to mid-larval stages of development. It was concluded that melanophore 
differentiation in these species can continue almost uninterruptedly over a major 
part of the developmental period. 

Series 7d was concerned with trunk crest-less T. torosus embryos (Figs. 7D 
and 7D’), and provided results in sharp contrast to those obtained in the preceding 
series. The sequence of pigmentation in trunk crest-less animals closely paralleled 
that observed in normal T. torosus larvae in which two, distinct populations of 
melanophores are recognized (viz., the “primary melanophores” which appear be- 
tween Stages 34 and 41 and re-aggregate into well defined dorsal bands that con- 
stitute the primary pigmentation of pre-feeding larvae, and the “secondary 
melanophores” which are smaller, less heavily pigmented cells that appear after the 


18 to 20 mm. larval stage and permanently retain a random distribution on the fin 
and flanks. See Figures 8B and 8C, and Lehman, 1950). “Primary” T. torosus 
melanophores did not invade crest-less areas to any appreciable extent and retained 
the distribution achieved by Stage 39 (Fig. 7D). No additional pigmentation of 
crest-less regions occurred until the larvae reached a length of approximately 18 


PLaTe V 


Ficure 5A. Normal 7. torosus embryo at Stage 36+, showing melanophores in the 
process of retracting toward the dorsal border of the somites. 

Figure 5A’. A. punctatum— T. torosus chimeric-crest host bearing a flank graft of A. 
punctatum epidermis ; site of graft indicated by broken line; figured at Stage 43. 

Figure 5B. A. mexicanum— T. torosus chimeric-crest host bearing a flank graft of 4. 
mexicanum epidermis ; figured at Stage 37. 

Ficure 5B’. Same embryo shown in figure 5B, at Stage 41. Explanation in text. 

Figure 5B”. Stage 37 embryo from the same series as figure 5B. The presence of darker 
host melanophores along the dorsal border of the myotomes, under grafted A. mexicanum epi- 
dermis that extended beyond the base of the fin, is shown. 

Figure 6A. An 18 mm. T. torosus larva in which Stage 13+ 7. torosus belly epidermis 
was grafted mid-dorsally at Stage 28. Site of graft indicated by broken line. 

Ficure 6B. An 18 mm. T. torosus larva in which Stage 37 + T. torosus belly epidermis was 
grafted mid-dorsally at Stage 23. Explanation in text. 

Figure 7A. Trunk crest-less 7. rivularis embryo at Stage 40. Note deficiency in the dorsal 
fin and the absence of melanophores in the region of extirpation. 

Ficure 7A’. Embryo similar to that in figure 7A at Stage 45. The crest-less area has be- 
come populated by melanophores that have migrated into it from outlying region. (original photo- 
graph by V. C. Twitty). 
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mm. (Fig. 7D’). Thereafter, melanophore differentiation continued slowly through 
the remainder of the larval period. So far as could be determined on the bases of 
appearance and distribution, the gradual invasion of crest-less areas was accom- 
plished entirely by “secondary” melanophores. 

Series 7e demonstrated that A. tigrinum embryos, like those of T. torosus, 
have distinct “primary” and “secondary” generations of melanophores, which are 
recognizable on the bases of differences in time of pigmentation and definitive dis- 
tribution. A. tigrinum embryos in neurula stages were not available and, instead, 
tail-bud embryos were used in the following manner. A graft of Stage 25 A. 
tigrinum neural crest was placed on the flank of Stage 32 T. torosus hosts which 
previously had been deprived of both trunk neural folds, so as to free the trunk re- 
gion of host chromatophores. By the fourth post-operative day, donor melano- 
phores were well differentiated on the trunk crest-less T. torosus hosts, which by 
this time had advanced to Stage 37. As can be seen in Figure 7E, the “primary” 
donor melanophores were aggregated along the mid-dorsal line or near the flank 
graft. Host cells are faintly visible in the tail. On the tenth post-operative day, 
at host Stage 40, “secondary” donor melanophores began to appear (Fig. 7E’). 
They were distinguishable from those that appeared earlier by permanently re- 
taining a widespread distribution on the flanks. Their numbers gradually in- 
creased until both sides of the T. torosus hosts were densely populated (Fig. 7E”). 

The above observations have the advantage of clearly showing that the dis- 
continuous sequence of melanophore differentiation in A. tigrinum results from 
inherent differences in the developmental rates of primary and secondary melano- 
phores, and is not due to the intervention of known environmental factors, as might 
be the case in T. torosus larvae. This conclusion is tenable, since the appearance 
of secondary A. tigrinum melanophores on Stage 40 + T. torosus hosts coincided 
in time with a known decline in the melanogenic strength of the host epidermis 
(see Series 6). So far, then, as the tissue environment of the secondary A. 
tigrinum pro-pigment cells was concerned, conditions were more favorable for 
pigmentation during host Stages 37 to 40, in which melanization failed to take 
place. This can be correlated with the fact that they are less “dependent” (De- 
Lanney, 1941) upon environmental factors for pigmentation than are the cells of 
T. torosus. The interrupted sequence of T. torosus pigmentation also indicates that 
there are inherent differences between the primary and secondary melanophores 
in this species. However, it remains in question whether the differences concern 
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Ficures 7B anp 7B’. Stage 41 and 16 mm. larval stage of a trunk crest-less A. mexicanum 
larva; pigmentation essentially as in figures 7A and 7A’. 

Figures 7C ann 7C’. Stage 45 and 23 mm. larval stage of a trunk crest-less A. punctatum 
larva; pigmentation essentially as in figures 7A and 7A’. 

Ficures 7D anv 7D‘. Stage 40 and 18 mm. larval stage of a trunk crest-less T. torosus 
larva. The region of extirpation remained essentially free of melanophores until shortly 
Cy this period. A few secondary melanophores are visible at the base of the fore limb in figure 
7D’. 

Figure 7E. A trunk crest-less T. torosus host bearing an A. tigrinum neural crest graft 
on the flank; figured 7 days after operation. Explanation in text. 

Figure 7E’. The same embryo shown in figure 7E, 13 days after the operation. 

Figure 7E”. The same embryo shown in figures 7E and 7E’, 21 days after the operation. 
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rates of development or differences in sensitivity to environmental factors such as 
melanogenic materials or larval hormones. Unfortunately, the evidence on hand 
does not provide an answer to this question. Possibly both an intrinsic limitation 
of the period of differentiation, and the declining melanogenic strength of the epi- 
dermis contribute to the failure of primary 7. torosus melanophores to develop ex- 
cept during Stages 32 and 41. If this were indeed the case, the temporal coin- 
cidence in the action of intrinsic and environmental factors would provide an 
example of the well known principle of “double assurance” (Braus, 1906, and 
Spemann, 1938, pp. 92-97) ; that is, either factor by itself might be able to prevent 
the differentiation of primary T. torosus melanophores after Stage 41. 


Series 8. Unilateral extirpation of trunk neural folds from T. rivularis and 
T. torosus Stage 17 neurulae: The manner in which crest-less areas became pig- 
mented in embryos of T. rivularis (Series 7a) and T. torosus (Series 7d) sug- 
gested the presence of yet another difference between these species. If one 
considers only those pigment cells which appear during pre-feeding stages, the im- 
pression is given that the capacity of neural crest to supply melanophores in excess 
of those normally differentiating is much greater in T. rivularis than in T. torosus. 
This possibility was examined by subjecting Stage 17 neurulae of both species 
to unilateral extirpation of one entire trunk neural fold. The operation did 
not interfere with the closure of the neural tube and by this means it was possi- 
ble to reduce the amount of tissue comprising the neural crest to one-half that 
found in normal embryos. Embryos treated in this manner will hereafter be re- 
ferred to as “half-crest” embryos or larvae. 

When the pre-feeding larvae were later examined for deficiencies in the mela- 
nophore population, it was found that half-crest T. rivularis larvae were indistin- 
guishable from normal animals with regard to number and distribution of pigment 
cells. Therefore, since one T. rivularis neural fold can give rise to a full comple- 
ment of pigment cells, it is concluded that the regulatory capacity of T. rivularis 
neural crest is at least two times greater than the normal expression of its ability 
to produce pigment cells. 

The number of T. torosus melanophores on half-crest embryos was conspicu- 
ously lower than that on normal larvae from the same egg clutch. In Figures 8A 
and 8A’, one will note that the dorsal band on the half-crest embryo is narrower 
than the band on the control: This is a direct reflection of the smaller number 
of primary melanophores present. The experimental animals moreover differed 
from the controls by lacking melanophores at the yolk border. The absence of 
melanophores at the yolk border can be explained by the fact that the distance 
travelled by a given pigment cell is roughly proportional to the number and prox- 
imity of other pigment cells (Twitty and Niu, 1948). Hence, with fewer pro- 
pigment cells to exhibit mutual antagonisms, migration probably failed to proceed 
as far ventrally as the yolk border and all the cells were later withdrawn from the 
flanks in the formation of the dorsal bands. Cell counts made on 16 to 17 mm. 
larvae while the melanophores were in the contracted phase revealed that the num- 
ber of primary melanophores in the dorsal bands of half-crest embryos was 30 to 
40 per cent lower than the number found in normal larvae (Figs. 8B and 8B’). 
Thus, even though the single neural fold contributed more primary melanophores 
than it would have in a control embryo, the regulatory capacity of T. torosus neural 
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Ficures 8A, 8B, anv 8C. A normal 7. torosus at pre-feeding larval Stage 41, and at 17 
and 30 mm. larval stages respectively, showing the gradual appearance of secondary melano- 
phores. 

Ficures 8A’, 8B’, ann 8C’. A half-crest 7. torosus larva at corresponding stages, show- 
ing a reduction in the number of primary melanophores in the dorsal band. 
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crest presumably does not exceed 1.2 to 1.4 times the number of primary pro- 
pigment cells which normally differentiate. A limitation of this sort apparently 
does not apply to the quantity of secondary melanophores produced. The dif- 
ferentiation of these cells in half-crest larvae lagged only slightly behind that ob- 
served in controls (Figs. 8C and 8C’). 


« DISCUSSION 


The experimental analysis of amphibian pigmentation has at present progressed 
to a point that permits an array of interacting factors to be recognized as media- 
tors in the final expression of chromatophore development (see review by Twitty, 
1949). By acknowledging the complexity of the overall problem of pigmentation, 
it was possible to avoid the initial error of expecting that a single factor such as 
growth rate, age, or species differences might alone be responsible for the phe- 
nomenon of pigment suppression with which this paper is concerned. The follow- 
ing factors have been identified as collective determinants in pro-pigment cell dif- 
ferentiation: 1) the ability of partially differentiated melanophores to be more ef- 
fective than mature cells in repelling invasion by younger pro-pigment cells, 2) 
genetic, regional, and temporal differences in the capacity of embryonic ectoderm 
and mesoderm to promote melanin synthesis, 3) a possible competition between 
chromatophores for terrain and melanogenic substances, and 4) species differences 
in the behavior of chromatophores with respect to, a) their dependence upon the 
environment for melanogenic substances, b) the sequence of melanophore- differ- 
entiation during development, and c) the regulatory capacity of the neural crest to 
produce more than the normal number of pigment cells. It is apparent that as 
these conditions are altered by transplantation between embryos of different age or 
genetic constitution, there will be modifications in the degree to which the prospec- 
tive potency of pro-pigment cells is realized. The degrees of pigment suppression 
obtained thus may vary from complete (in which the concerted action of extrinsic 
factors works to prevent the differentiation of one group of pro-pigment cells) to 
very indifferent manifestations of this phenomenon. It is necessary to realize that 
temporal changes continually alter not only the cellular environment but also the 
intrinsic capacities of the cells. Synchronized timing is therefore of cardinal im- 
portance in pigment suppression, since the results in a given instance are colored 
by the sequence with which each of the above factors comes into play, and inde- 
pendently changes as development proceeds. 

Before proceeding to the interpretation of suppression in specific chimeric- 
crest combinations, it should be pointed out that the major contrast between the 
melanophores of T. rivularis and T. torosus is provided by a comparison of the 
cells of T. rivularis with the “primary” melanophores of T. torosus. If, instead, 
only the “secondary” T. torosus cells were considered, one would find that the 
similarities far outweigh the differences. For example, both T. rivularis and sec- 
ondary T. torosus melanophores are characterized, 1) by being relatively inde- 
pendent of the environment for melanogenic substances, 2) by permanently retain- 
ing a random, widespread distribution, 3) by being highly regulatory with regard 
to numbers, and 4) by exhibiting continuous differentiation of new cells over much 
of the developmental period. These traits probably should be considered primitive 
chromatophore characteristics. Primary T. torosys melanophores, with their sen- 
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sitivity to melanogen fluctuations, their tendency to undergo re-aggregation, and 
their limitations in number and time of differentiation, suggest that here one is 
dealing with a highly specialized type of pigment cell (see Twitty, 1945, pp. 173- 
174). 


The remainder of the discussion will attempt to define the probable roles of 
intrinsic and environmental factors influencing melanophore differentiation in the 
Amblystoma—tTriturus chimeric-crest experiments (Lehman, 1950), which pro- 
vided the point of departure for the present study. 


Analysis of suppression in A. punctatum—>T. rivularis chimeric-crest em- 
bryos: The suppression of T. rivularis melanophores was not striking in this com- 
bination and may be viewed simply as delayed pigmentation in which migration 
and melanogenesis were temporarily held in abeyance by the antagonistic action 
(see Series 1, 2, and 3) of rapidly developing A. punctatum cells. T. rivularis 
melanophores began to appear in flank areas almost as soon as A. punctatum mela- 
nophores had completed their differentiation at Stage 40+. Until shortly before 
this time, they presumably were immobilized in the vicinity of the mid-dorsal line. 
The disparity between the developmental rates of the two species was apparently 
too slight to provide more than a transitory impediment to the outgrowth and 
differentiation of T. rivularis cells which have no sharply restricted period during 
which pigmentation must occur (Series 7a). The differentiation of T. rivularis 
pigment cells at a time when the epidermis had probably become weakly melano- 
genic (Series 6) can be correlated with the fact (DeLanney, 1941) that their 
differentiation is relatively “independent” of environmental factors, whereas T. 


torosus melanophores are very sensitive to variations in the melanogenic char- 
acter of the surrounding tissues. Thus, a decline in the ability of ageing epidermis 
to foster pigmentation need not interfere appreciably with T. rivularis pigmenta- 
tion, but still might be very effective in preventing the differentiation of T. torosus 
melanophores during pre-feeding larval stages. 


Analysis of suppression in A. mexicanum— T. rivularis chimeric-crest em- 
bryos: The primary difference between this and the preceding series centered 
around the failure of 7. rivularis melanophores to appear on the flank until ap- 
proximately Stage 44+. It is surmised that after Stage 39 (when donor A. mexi- 
canum melanophores appeared to be fully differentiated and host cells were appear- 
ing in the dorsal fin), latent melanophores of both species were present on the 
flanks and thereafter competed, perhaps on equal footing, for the limited remaining 
terrain. Some unidentified intrinsic property, such as a more rapid division rate 
or stronger intercellular antagonisms, may have enabled A. mexicanum melano- 
phores to “saturate” the terrain more completely than those of A. punctatum in the 
preceding series. As a result, there may have been less available space and sharper 
competition for melanogenic materials, which could account for the slight second- 
ary delay in the appearance of T. rivularis melanophores. 


Analysis of suppression in A. punctatum — T. torosus chimeric-crest embryos: 
The lowest level of pigment suppression was encountered in this combination. 
This is correlated with the fact that during the critical period between Stages 32 
and 38, the developmental rates of the two species are very nearly equal (see Leh- 
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man, 1950, Figure 3). Therefore, it might be expected that the pro-pigment cells 
of both neural crest components would initiate migration and undergo pigmentation 
almost simultaneously. Under such conditions, intercellular antagonism between 
developing chromatophores would be responsible for the general spreading and 
dispersion of T. torosus and A. punctatum pro-pigment cells alike. The number 
of T. torosus melanophores which differentiated was approximately one-third the 
number appearing on normal embryos. This is not surprising when one considers 
that the removal of one T. torosus neural fold would, of itself, result in a 30 to 40 
per cent reduction in the number of primary T. torosus melanophores developing 
(Series 8), irrespective of whether or not a fold from another species were added. 
Consequently, the suppression of primary melanophores in all T. torosus chimeric- 
crest larvae would appear to be more pronounced than is actually warranted. In 
T. rivularis combinations, however, the effect of eliminating one neural fold can, 
for all practical purposes, be discaunted, since a single neural fold is capable of 
supplying a normal complement of pigment cells. The final factor to consider is 
the melanogenic strength of surrounding tissues which restricts the density of the 
melanophore population. Faced with an environmental limitation of this sort, it 
follows that donor and host cells of nearly equal developmental rates will act re- 
ciprocally upon each other in competing for space and melanogenic substances, 
thereby establishing a balance that holds in check the capacity of both donor and 
host cells to undergo melanization. 


Analysis of suppression in A. mexicanum — T. torosus chimeric-crest embryos: 
Maximal inhibition of primary T. torosus melanophores was obtained in this com- 


bination and probably resulted from the concerted action of several factors. It 
was suggested “that the most favorable conditions for pigment inhibition are 
realized (as in A. mexicanum — T. torosus combinations) when the difference in 
rate of pigmentation is of such magnitude as to permit rapidly developing donor 
chromatophores to appear initially at approximately host Stage 31-32” (Lehman, 
1950, p. 448). It now appears that this relationship obtains because, at the time at 
which T. torosus pro-pigment cells would normally begin to migrate from the 
neural crest at Stages 28 to 31, A. mexicanum pigment cells had already appropri- 
ated all available areas. More important, the 4. mexicanum cells were at the stage 
during which the capacity to prevent invasion was at a peak (Series 1, 2, and 3). 
Consequently, during the initial migratory period 7. torosus melanophores were 
probably unable to gain access to the flank terrain (Series 5b). A. mexicanum 
melanophores were visible on the flanks by Stage 32 and new cells were evidently 
able to differentiaté continuously during much of the larval period (Series 7b). 
After Stage 41, the intrinsic inability of primary T. torosus melanophores to become 
pigmented (Series 7d), or the temporal decline in the melanogenic strength of the 
epidermis (Series 6), would be sufficient to prevent the appearance of primary host 
cells. Competition between donor and host cells was probably not an important 
factor in this combination. The only region in which it probably occurred was 
along both sides of the mid-dorsal line where some intermingling of donor and host 
cells very likely took place prior to Stage 41. The actual fate of latent primary T. 
torosus cells is as yet undetermined. However, it is likely that after failing to achieve 
their prospective fate, they enter into some other channel of neural crest develop- 
ment, ¢.g., secondary melanophores, neurons, mesenchyme, etc. 
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Analysis of suppression in A. tigrinum—> T. torosus chimeric-crest embryos: 
The degree to which T. torosus primary melanophores were suppressed by JA. 
tigrinum cells was less than that encountered in the preceding series, even though 
A. tigrinum embryos developed appreciably more rapidly than those of A. mext- 
canum. In order to explain this paradox, it is necessary to make the assumption 
that 4. tigrinum melanophores became fully differentiated before host Stage 41. 
That is to say, the donor cells must have lost the ability to repel host cells and were 
incapable of lowering chromogen concentration to sub-threshold levels while the 
primary 7. torosus pro-pigment cells were still able to differentiate and while the 
epidermis was able to promote their pigmentation. It has been shown that the 
melanophores of A. tigrinum have an interrupted sequence of pigmentation (Series 
7e), and that after the primary A. tigrinum melanophores became well pigmented, a 
period of five to six days elapsed before additional cells began to appear. Since the 
primary donor melanophores on A. tigrinum — T. torosus chimeric-crest embryos 
were fully differentiated by host Stage 35 (Lehman, 1950), the secondary donor cells 
probably began to appear at approximately host Stage 38. The few T. torosus 
melanophores which made an appearance probably did so during the interval be- 
tween the two successive periods of donor differentiation. An argument in support 
of this view is provided by the observation that T. torosus melanophores were not 
seen until Stage 38. This is taken as evidence that the migration and pigmentation 
of these cells had temporarily been delayed until primary donor melanophores were in 
an advanced stage of development. However, even after Stage 38, the number of 
T. torosus melanophores which became pigmented was small. This perhaps should 
be expected when one recalls that a relatively short period remained after Stage 38, 
during which the epidermal strength was sufficient to permit pigmentation and the 
primary T. torosus cells were still able to respond. The final factor is the role played 
by secondary A. tigrinum melanophores. They very likely began to emerge simul- 
taneously with the primary host cells at Stage 38, and active competition between 
them would tend to reduce still further the number of host cells which otherwise 
might have appeared. 

It is appropriate, therefore, to point out that in the case of A. tigrinum and 
T. torosus embryos in which there are distinct primary and secondary melanophore 
generations, a condition exists in the normal embryo which is somewhat comparable 
to that in chimeric-crest embryos. Although experimental evidence is lacking, it 
is possible that in A. tigrinum, immature primary melanophores may prolong a 
normal slight delay in the migration and pigmentation of secondary cells. The 
prospective secondary melanophores of T. torosus may also be able to migrate onto 
the flanks only after the primary cells have completed their differentiation ; however, 
owing to a melanogen deficiency, they remain unpigmented until some other factor 
(probably hormonal) comes into play and permits their gradual differentiation dur- 
ing larval stages. In the embryos of A. mexicanum, A. punctatum and T. rivularis, 
the sequence of chromatophore differentiation is apparently continuous, and no 
visible distinction can be made between early and later generations of pigment cells. 
Nevertheless, even in these species the initial population of melanophores may impose 
a partial barrier that retards the outgrowth and pigmentation of cells following after 
them. Owing to its regulatory capacity, the neural crest of most species is capable of 
providing many more chromatophores than normally become pigmented. The limit- 
ing factor in their development is established by the epidermis and mesoderm, which 





150 HARVEY EUGENE LEHMAN 


govern the number of melanophores than can appear in a given area. One might 
consider that the pigment cells which do differentiate in normal development are 
those which have successfully competed for the limited facilities of the environmental 
terrain and thereby have, in effect, “suppressed” other cells in the same area. The 
prospective melanophores eliminated in the competition for space and melanogenic 
materials may eventually become pigmented, or be consigned to other channels of 
neural crest development. In either event, they very likely share the fate, what- 
ever it may be, of cells similarly “suppressed” in chimeric-crest embryos. 

Viewed in this light, pigment suppression in chimeric-crest embryos may be 
merely an accentuated expression of processes operating in normal development. 
That is, the grafted Amblystoma cells may simply appropriate the role normally 
played by the initial complement of Triturus melanophores, with the result that an 
increased percentage of host cells is forced to accept the status and fate of unpig- 
mented prospective melanophores. 


SUMMARY 


The present study was undertaken for the purpose of clarifying the develop- 
mental mechanics operating in the phenomenon of pigment suppression in sala- 
manders. The experiments include the transplantation of epidermis and the ex- 
plantation, transplantation and extirpation of neural folds and neural crest in five 
species of salamanders. These species, listed in the order of increasing rates of 
development, are: Triturus rivularis, T. torosus, Amblystoma punctatum, A. mexi- 
canum and A. tigrinum. 

1. By culturing two fragments of neural crest of different age in single drops of 
culture medium, it was demonstrated that incompletely differentiated melanophores 
offer a more effective barrier to the migration of young pro-pigment cells than do 
the cells of fully mature outgrowths. 

2. The same relationship between intermediate stage of differentiation and maxi- 
mal ability to prevent invasion by younger cells was demonstrated in vivo by trans- 
planting young A. punctatum neural crest on the flanks of T. rivularis embryos of 
graded age. 

3. It was found that the degree of pigment suppression obtained in “stand- 
ard” chimeric-crest embryos (unilateral orthotopic grafts of trunk neural folds) 
could be reduced either by prolonged chilling of the embryos following the opera- 
tion, or by using donor and host neurulae of different developmental age. It is as- 
sumed that in both instances, the normal difference in donor and host developmental 
rates was altered in such a manner that an optimal intermediate disparity was not 
realized. 

4. Chimeric-crest taken from A. mexicanum — T. torosus embryos (a combina- 
tion in which suppression is maximally expressed) and explanted in peritoneal fluid 
gave mixed outgrowths of A. mexicanum and T. torosus cells, both types of which 
eventually became pigmented. This result is noteworthy, inasmuch as had they de- 
veloped in vivo, the T. torosus cells undoubtedly would have been suppressed. 

5. Amblystoma epidermis which is “strongly melanogenic” was grafted on the 
flanks of chimeric-crest hosts as a means of testing for the presence of unpigmented 
T. torosus cells on the flanks. T. torosus melanophores did differentiate under epi- 
dermal flank grafts on A. punctatum — T. torosus hosts (a combination exhibiting a 
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low degree of suppression ), but they failed to appear in A. mexicanum — T. torosus 
hosts except under special circumstances. It is concluded that 4. mexicanum cells 
had prevented the outgrowth and differentiation of T. torosus pro-pigment cells. 

6. Homoplastic transplantations of belly epidermis from T. torosus donors of 
graded age mid-dorsally onto tail-bud hosts revealed that between Stages 38 and 
40+, T. torosus epidermis loses most of its capacity to promote pigmentation in 
Triturus melanophores. It is suggested that this may be responsible for secondarily 
delaying the differentiation of T. torosus pro-pigment cells after the donor cells are 
well differentiated on chimeric-crest hosts. 

7. Observations on the manner in which trunk regions deprived of neural crest 
became invaded by melanophores indicate that melanophore differentiation is es- 
sentially a continuous process in T. rivularis, A. mexicanum and A. punctatum em- 
bryos. In T. torosus and A. tigrinum embryos, the sequence of pigmentation was 
found to be interrupted, and consisted of distinct “primary” and “secondary” genera- 
tions of melanophores. 

8. It was noted that the removal of one trunk neural fold from T. rivularis em- 
bryos had no observable effect upon the number of pigment cells that later ap- 
peared. In similarly treated T. torosus embryos, however, this resulted in a 30 to 40 
per cent reduction in the number of cells normally appearing. 

The results of previous chimeric-crest experiments (Lehman, 1950) are analyzed 
in the light of the above findings. 
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